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Appendix A

Delays under Packet Discrimination I

Under outcome NN, both CPs receive the same priority on both ISPs. Thus, W, =

— 1
CY{ NN} CG{NN} ™ x~NcyinyA-Negnng 4 and
W. = = 1
DY{ NN} DG{NN} " u=Npy;nnyA=Nogiawy4 ©
Under outcome NY, both CPs receive the same priority on C and Y receives higher priority on D. Thus,
W. = = 1 W, =1 = “ .
CY{NY} CG{NY} 4=NeyinyA—Negn 4 ! DY{NY} H#=Npyny4 ! and WDG{ NY} ™ (= Noywy 4)(#- Novg ey A=~ Nogg 4)
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Under outcome NG, both CPs receive the same priority on C and G receives higher priority on D . Thus, weyvgy = Wegingy =
1 1

- T W
u=Neyve)yA—NeginayA’

and WDG{NG} =

u=NpgngyA

_ H
DY{NG} (u=NpgveyA) (1—NpyvayA-Npeinay 1)

. . 1
Under outcome NB, both CPs receive the same priority on both ISPs. Thus, weyvgy = Wegvgy = ———————— and Wpy(ng} =
U—NcyvpyA—NcenpyA
1
w =
DG{NEB} u—=NpypyA—NpenpyA

1

Under outcome YN, Y receives higher priority on C and both CPs receive the same priority on D. Thus, weyyny = pr——r
—Ncyyny

CG{YN} =

u 1
and w =w =
(u=Ncyymd)(u=NcyiymA—NceynyA) Dy{yn} DG{YN}

u=NpyynA-NpeynyA’

u
(u—Neyprd)(m—NeyrvyA-NegamA)

Under outcome YV, Y receives higher priority on both ISPs. Thus, weygyyy = uNil/l’ Wegpryy =
—Ncyyyy
I

(u=Npyyri2)(u=NpyryiA-Npegryid)’

Wpy{yy} = T—Npyyrid P and Wpe{yy} =

Under outcome YG , Y receives higher priority on € and G receives higher priority on D . Thus, weygyey = TN Weeve) =
—Ncy(rey
u u 1

(u=Neywa)(u—NeyyeyA-Neorayd) Wor{rey = (u=NpgyaA)(—NpyeiA-NpgyayA)’

M Wpo(r6) = Ly oo
1

Under outcome YB, Y receives higher priority on € and both CPs receive the same priority on D. Thus, weyygy = prrr—"tA
—Ncyypy

1

CG{YB} =

and w =W, =
Dy{YB} DG{YB} U=NpyypA—Npgiypi

u
(u=NcywmA) (u—NeyymA-NegysA)
Under outcome GN , G receives higher priority on C and both CPs receive the same priority on D . Thus, weyigny =
I 1
(u=NcgomA) (u—NeyenmA—NeaiomA)’

and Wpy(gny = Wpg(oN} =

U=NpynA—NpgemA”

1
W TN ——
cG{GN} u=NeoemA’

Under outcome GY, G receives higher priority on C and Y receives higher priority on D. Thus, wey(gyy = n Dk 15 F 2y
—Nceicyy —Ncyer3A—NceGieyy

1 1 "
w, =— W, =————andw = .
ceiery B=Nceeryd’ br{ev} u=NpyyyA’ ba{er} (u=Npy(er}A)(=Npy(Gv}A—Npc(ar)A)
. . .. 1
Under outcome GG, G receives higher priority on both ISPs. Thus, wey(gey = = Wee66) = T3
U—Ncgead

(u—=Ncgo6y2) (B—NeycaA-Negayd)
1

Wpy{GGc} = and WpG{Ge} = —M—Noa{cc}l'

u
(4=Np6eaA)(=Npyce1A—NpgoaiA)
Under outcome GB , G receives higher priority on C and both CPs receive the same priority on D . Thus, wey(ge =
1
u W
(u=NcgrA)(u=NeyeaA-NeaierA)

CG{GB} = and Wpy{GB} = WDG{GB} =

u-Negiepd’ U=NpycyA—NpeemA’

Under outcome BN, both CPs receive the same priority for both ISPs. Thus, Weygny = Wegany = m and Wpy(pny =
1

w =
DG{BN} u—NpynA—NpGBNnA

Under outcome BY, both CPs receive the same priority on C and Y receives higher priority on D . Thus, weypyy = Wegipyy =
1

- T  w
u=NcyeriA-NcasnA’

u
= and w = .
Dy{BY} DG{BY} (u=Npy(Er3A)(1—Npyar1A—NpGaY)A)

-t

u=Npyy)A’

Under outcome BG, both CPs receive the same priority on C and G receives higher priority on D. Thus, weypey = Wegiag) =
1 w _ u 1

DY{BG} (u—-Np6e6yA) (b-NpyaA-NpeEar)’

and WDG{BG} =

u=NcyaA-Neoad’ u=NpgaA’

. . 1
Under outcome BB, both CPs receive the same priority for both ISPs. Thus, wey(ggy = Wegpry = —v————-—— and Wpy(gpy =
u—NcyByA—Ncee)A
1
w =
DG{BB} U-NpyBByA—NpGBRIA
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Appendix B

CPs’ Incentive Compatibility Con s traiin s
Under outcome NN, CPs’ incentive compatibility constraints are Tyyny = Tygyny, Tyny) Tygry} and Tevny = Teony Teney Te{ce)-
Under outcome NY, CPs’ incentive compatibility constraints are yyy} = Ty vy}, Ty(vay Trgyny and Ty} = Tgieyy Ty TG {6B)-
Under outcome NG, CPs’ incentive compatibility constraints are Ty(yey = Ty(ye), Ty} Trivs} and Tengy = Teieey Tonny Te(Gn)-
Under outcome NB, CPs’ incentive compatibility constraints are Ty ypy = Tyypy, Tyine) Tyive) and Tevpy = Tiery Taonyy Teiey)-
Under outcome YN, CPs’ incentive compatibility constraints are Ty(yny = Ty(vny Ty(ry} Tyiny} and Teyny = Toeny Te(rey Te{BG)-
Under outcome YY, CPs’ incentive compatibility constraints are ygyyy = Ty(ny} Ty(yay Tygvny and Tgeyyy = Teiayy Togys) 6 {BB}-
Under outcome YG, CPs’ incentive compatibility constraints are y(ygy = Ty(ne} Ty(vsy Trne} a0d Tgvey = Te(6) Te(yn} TG{BN}-
Under outcome YB, CPs’ incentive compatibility constraints are Ty(ypy = Ty, Tyve) Tyiney and Tgrypy = Ty Taiyyy TeiBy)-
Under outcome GN, CPs’ incentive compatibility constraints are ygny = Ty(ny Tr{ey) Triay} a0d Tgny = Tonny Taica) TGING)-
Under outcome GY, CPs’ incentive compatibility constraints are Ty gy} = Ty(gy}, Ty(on} Ty(en} and Tgeyy = TNy Te{cBY TG {NB}-
Under outcome GG, CPs’ incentive compatibility constraints are Ty(ggy = Ty} Tyica) Tr(es} a0d Tg(cey = TGy To{GN} TGINN}-
Under outcome GB, CPs’ incentive compatibility constraints are Ty(gpy = Ty}, Ty(cc) Tysc} ad Tgepy = M) Te(cy) TGNy}
Under outcome BN, CPs’ incentive compatibility constraints are TTy(gny = Ty}, Ty (ar) Ty{cy} and Teany = Toyny Taiaa) Ta{re)-
Under outcome BY, CPs’ incentive compatibility constraints are Tygyy = Ty(gy}, Ty(an} Tyion} and Tg(pyy = Teeyy) TeiBy Te(yB)-
Under outcome BG, CPs’ incentive compatibility constraints are Ty(ggy = Ty(ca) Ty (BB} Ty} ad (e} = Teive) Ta(aNY Tayn)-

Under outcome BB, CPs’ incentive compatibility constraints are y(gpy = Ty(spy, Ty(scy Trice} ad Tg(ppy = Te(ysy TaiBY) Ta{vy):

Appendix C

Proof of Lemma 1: The Symmetric Equilibrium Case

Consumers have four choices of ISP-CP combinations: CY, CG, DY, and DG. Consumer demands for these four ISP-CP combinations can
be derived by analyzing the curves of indifferent consumers. There are six curves of indifferent consumers based on the pairwise comparisons
among the four ISP-CP combinations. For a given outcome ij, where i, j = N (Neither CP pays), Y (Only Y pays), G (Only G pays), and B
(Both CPs pay), these six curves of indifferent consumers can be characterized by four points xc(;j}, Xp(ij}» Zvyij}» @nd Zgj3: consumers
located on x = x¢;y are indifferent between CY and CG; consumers located on x = xpy;; are indifferent between DY and DG consumers
located on z = zy(;y are indifferent between CY and DY; consumers located on z = zg(;jy are indifferent between CG and DG; consumers
located on the line that goes through points (xc{i b Zyi j}) and (xD{L- b Zai j]) are indifferent between CY and DG; and consumers located on
the line that goes through points (xc{i b ZGii j}) and (xD{l- b Zy (i j}) are indifferent between CG and DY.

1, dA(weegj—Wevii)

Comparing consumers’ utility functions for the corresponding pairs of ISP-CP combinations yields x¢gjy = st % =
1 dM(Wpagij)~Woviip) _ 1, Fo-Fc  dA(Wovip—Wevij) _ 1, Fo-Fc  dM(Wpayj~Weaiip) . -
5+ o s Zy(ijy = 5t ™ and Zggj = >t on ™ Considering symmetric
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e . 1 dA(Wpygin—Wcyyij 1 dA(Wpgrin—Wcaiii
equilibrium with F¢ = Fp, we have zyj; =5 + A (Worgip~Wertij) DY(’Z’L criip) and zg(y =5 + (Wi~ Weaip) DG{;’L coi)

Xpgijy 1s the same as the sign of zy(;jy — Zg(i;y- In particular, x¢qj3 = xpgjy if and only if zy(jy = Zgj-

. We observe that the sign of x¢(;j; —

Each outcome ij is determined by the ISPs’ pricing decisions and the corresponding content providers’ delivery service choices. We use
indicator functions I¢ygj3, Iceyijy Ipyqijy @nd Ipggijy. which take values of 0 or 1, to represent whether content providers ¥ and G would pay
for preferential delivery on ISPs C and D. To be consistent with the four ISP-CP combinations on the unit square, we denote outcome ij by
Ipvjy  Ipegijy

the matrix
Ievajy ey

]. We introduce two types of actions (horizontal and vertical flips) to explore the connections among the 16

outcomes:

Horizontal Flip: Decisions of Y and G are simultaneously interchanged on ISPs C and D. Specifically, horizontal flip changes outcome ij

N, ifi=N N, ifj=N

1 L. 1 L. 1 L. 1 L. - G, ifi=Y

dictated by [IDY{U} IDG{U}] to outcome i’j” dictated by [IDG{U} IDY{”}], where i’ = )G,' lfl Y andj’ = v P
cyiijy  ‘cGiij} celijy  lev{ify , ifi=G Yy, ifj=aG

B, ifi=B B, ifj=B

Vertical Flip: Decisions of Y and G are simultaneously interchanged across ISPs C and D. Specifically, vertical flip changes outcome ij

Ipysin  Ipgrii Loviin e
dictated by [ pr DG{”}] to outcome ji dictated by [ eriy et
ICY{iJ'} ICG{L'J'} IDY{ij} IDG{L'J'}

Among the 16 outcomes, some outcomes permute amongst themselves when horizontal flip or vertical flip is applied and therefore can be
grouped together into four invariant classes: (a) outcomes NN, NB, BN, and BB; (b) outcomes YY and GG; (c) outcomes YG and GY; (d)
outcomes NY, NG, YN, GN, BY, BG, YB, and GB. In the following discussion, we give precise description of the changes to the indifferent
customers when horizontal flip or vertical flip is applied to an outcome.

Applying Horizontal Flip: The decisions of Y on the two ISPs are interchanged with the decisions of G in a given outcome. Horizontal flip
Ipygjy  Ipeyijy Ipggijy Iy
leviyy  leiny legipy - Ievip
Ieygjys Ipy'j'y = Ipegijys and Ipggr jry = Ipyqijy- When the decisions in outcome ij are changed to i'j’, the decisions of Y on € and D and the
decisions of G on C and D are interchanged. The queuing priorities are interchanged on ISPs € and D. This simultaneously interchanges the
waiting times and market demand on C and D according to the new queuing priorities. We note that fees for all customers are equal so the
redistribution is dependent solely on waiting times. Interchanging waiting times on ISPs € and D yields wey 1y = Wegqijy, Weep'j'y =

changes outcome ij dictated by to outcome i’j’ dictated by - That is we have Iy 1y = Icegjys Leep’j'y =

o 1 dA(weay—werin) | 1, “A(Weaw s Werin) 1
Weyiijys WDY{i'j’} = Wpqg(ij}» and WDG{i'j'} = Wpy{ijy}- This gIVeS Xc(ij} + xc{iljl} = 3 + 2t + Y + 2t = 2 +
dl(ch{ij)—WCY{ij}) 1 dll(WCG{ij}_WCY(ij}) . . . L.
o +5- oL = 1, which implies x¢;/j3 = 1 — x¢g53. Similarly, we have xpg7 51y = 1 — Xpgjy, Zyijy = Zeg' 'y

. L . . 1 1 .
and zggjy = Zyg ;13- We note that the positions of these curves of indifferent consumers relative to the line of x = 5 Orz = - remain the
same according to the decisions of Y and G.

Applying Vertical Flip: The decisions of Y and G on C are interchanged with their decisions on D in a given outcome. Vertical flip changes
Ipvgjy  Ipgijy levipy  Ieoupy
Levipy  leeup Ipvajy  Ipejy
Ipygjiy = Ievgijy and Ipggjiy = Icgqijy- When the decisions in outcome ij are changed to ji, the decisions of ¥ and G on C are swapped with
the decisions of Y and G on D. The queuing priorities are interchanged on ISPs C and D. This simultaneously interchanges the waiting times
and market demand on ISPs C and D according to the new queuing priorities. We note that fees for all customers are equal so the redistribution
is dependent solely on waiting times. Interchanging waiting times on ISPs € and D yields Weyjiy = Wpy(ijy» Weagjiy = Woa{ijy» Wov(jip =

S 1 | dA(Weeij3—Weyyij 1 dM(Wpg(jiy—Wpyyji
Wey(ij)» and Wpgyjiy = Wegyijy- This gives xejy =5+ ( e ) _ 1) SAloen-worgo)
1 dA(Woygn-Wevgn) | 1, dA(Woygn—Wevgn) _ 1 _ 4A(Wovpn—Weygn)

1, dA(Woyiy—Wergn)
also have zy(;j, + zy(iy = 2 + 2t + 2 + 2t 2 2t + 2 2t

ZY{ji} =1- ZY[ij}' Slmllarly, ZG{]'L'} =1- ZG{L']'}-

outcome ij dictated by to outcome ji dictated by . That is we have Icygjiy = Ipygijys legjiy = Ipeyijy

= Xpgjyy- Similarly, xpgjy = xcgjsy. We

= 1, which implies

Next we apply the above results of horizontal and vertical flips to each of the classes (a) through (d) to characterize the demand distribution
under each outcome.

A4 MIS Quarterly Vol. 41 No. 2—Appendices/June 2017
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(Class a) Outcomes NN, NB, BN, and BB

Under outcomes NN, NB, BN, and BB, all customers have equal queuing priorities. Therefore applying horizontal flip or vertical flip to
these outcomes will not change the queuing priorities. Hence the indifferent consumers remain unchanged when horizontal flip or vertical
flip is applied.

From horizontal flip relations, we have xcyny = 1 — Xcqunys Xpvny = 1 — Xpgvnys Xegvsy = 1 — Xy Xpvsy = 1 — Xpusys Xcgny =
1= x¢nys Xpny = 1 — Xpany> Xcgey = 1 — Xeqpey» and Xpgpy = 1 — Xpgpy. That is Xcvny = Xegvpy = Xcany = Xcsp) = % and
Xp(NN} = Xp(NB} = Xp{BN} = XD(BB} = % From vertical flip relations, we have zgvny = 1 — Zgwnys Zrvny = 1 — Zyovwnys Zogvey = 1 —
Zgney > Zviney = 1 — Zyvey > Zoany = 1 — Zgany > Zvigny = 1 — Zyany > Zoey = 1 — Zg(spy > Zvieey = 1 — Zy(gpy - That is zgyny =
ZG{NB} = Z2G{BN} — Z2G{BB} — % and Zy(yny = Zy(vB} = Zy(aNn} = Zv(BB} = %

Therefore, as shown in Figure C1, the market demand for CY, DY, CG, and DG are equal under outcomes NN, NB, BN, and BB. That is
NCY{NN} = NDY{NN} = NCG{NN} = NDG{NN} = % > NCY{NB} = NDY{NB} = NCG{NB} = NDG{NB} = % p NCY{BN} = NDY{BN} = NCG{BN} =

1 1
NDG{BN} =7 and NCY{BB} = NDY{BB} = NCG{BB} = NDG{BB} =7

DY DG
1/2
CcY 1/2 cG

Figure C1. Demand Distribution of Class a (outcomes NN, NB, BN, and BB)

(Class b) Outcomes YY and GG

Under outcome YY, only Y pays for preferential delivery on both ISPs. Under outcome GG, only G pays for preferential delivery on both
ISPs. Thus, Weggyyy — Weviryy > 0, Wpggyyy — Worgyyy > 0, Wegieey — Werieey < 0, and Wpgigey — Woyegy < 0.

Vertical flip does not change the decisions of Y and G on € and D in outcomes Y'Y and GG. Therefore we have x¢(yyy = Xpgyyy > %, Zy(yy) =
1 1 1 1

1—zyyyy = Zypyy = 30 Ze{yyy = 1—zgvyy = Zopyyy = 5> Xegeey = Xpieey < 3 Zvicey = 1—=2zyey = Zyvey = 2 and Zg(gey =

1 - Zgi66) = Zgeey = % Moreover, horizontal flip applied to outcome YY gives outcome GG and vice versa. This gives xcyyy = 1 —

Xc(6y = Xpgyyy = 1 — Xp(ggy- Thus, we simplify the notations to x¢(yyy; = Xpyyy = Xgyy} > % and X¢(cey = Xp(eey = X(ey < % Therefore,

as shown in Figure C2, the demands for CY, DY, CG, and DG in outcomes Y'Y and GG are related such that Ney(yyy = Npygyyy = Negieey =

(

1=%(gq) and Ncy(cey = Npyicey = Neegryy = Nogyyy = % In other words, ISPs C and D have the same market share, i.e.,

Npgieey =
Neryy = Npgyyy = Negoey = Noggay = % Within each ISP, the paying CP gets more customers than the non-paying CP, i.e., Ney(yy) =

1
Npygyyy = Negieay = Nogieey > 7 > Nevieey = Novieey = Negiryy = Nogiyry:

MIS Quarterly Vol. 41 No. 2—Appendices/June 2017 A5
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DY DG DY DG
1/2 i 1/2 5
cY 1/2 Xyy; CG CY  XgGe 1/2 CG
Outcome YY Outcome GG

Figure C2. Demand Distribution of Class b (outcomes YY and GG)

(Class c¢) Outcomes YG and GY

Under outcome Y G, only Y pays for preferential delivery on C and only G pays for preferential delivery on D. Under outcome GY, only G
pays for preferential delivery on C and only Y pays for preferential delivery on D. Thus Wegyey — Weyirey > 0, Wogivey — Worgrey < 0,

Weeieyy — Wevieyy < 0, and Wpgigyy — Wpy(gyy > 0. Therefore we have x¢gygy > % > Xpgyey and Xcgyy < % < Xp(ey}- Since the sign of
Xc(ijy — Xpijy 1S the same as the sign of zy;jy — Zg(;;; for any outcome ij, we have zy(ygy > Zg(ve)> and Zy(eyy < Zg(eyy-

Observe that both horizontal flip and vertical flip applied to outcome YG gives outcome GY and vice versa. Through the connection of
horizontal flip, we have X¢ryy = 1 — Xcgeyy Xpvey = 1 — Xpiey}s Zrivey = Ze(cy}> and Zg(ygy = Zy(cy}- Through the connection of vertical
flip, we have X¢rygy = Xpgey}» Xpvey = Xc(er) Zrive} = 1 — Zy(cy}> and Zgrygy = 1 — Zggyy- Combining the two set of equalities gives
Xpryey = 1 — Xegrey Xngevy = 1 — Xcgevys Zotvey = 1 — Zyvgyey> and Zgyy = 1 — Zy(gyy- Since Zygyey > Zgyey and Zy(eyy < Zgeyy» the
last set of equalities says that zy(y¢ > % > Zgyey and zZy(gyy < % < Zg(y}- This says that the indifferent consumers x¢(ygy and xpgy¢y (as

well as x¢qgyy and xp(gyy) are symmetrically positioned on either side of x = % Likewise, zy(ygy and Zg(ygy (as well as zy(gyy and Zg(cyy)
are symmetrically positioned on either side of z = % Therefore the demands for CY, DY, CG, and DG in outcomes YG and GY are related

such that Neygygy = Npgrey = Neeery = Noyiery @nd Negvey = Noyivey = Neviery = Npeiery-

As shown in Figure C3, ISPs C and D have the same market share, i.e., N¢gygy = Npgyey = Negory = Npgeyy = % Within each ISP, the paying
. . 1
CP gets more customers than the non-paying CP, 1.€., Ncy{yg} = NDG{YG} = NCG{GY] = NDY{GY] > Z > NCY{GY} = NDG{GY} = NCG{YG} =

Npyiyey-

A6  MIS Quarterly Vol. 41 No. 2—Appendices/June 2017
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DY xD{YG} DG DY xD{GY} DG
Zy{YG} E E 2G{Gy}
I Koo mmmmee e ZG{v6) 1/2f-mmmmmmmmy A
i Zy{GY} i
CY 1/2 Xcvy CG CY Xcieyy 1/2 CG
Outcome YG Outcome GY

Figure C3. Demand Distribution of Class ¢ (outcomes YG and GY)

(Class d) Outcomes NY, NG, YN, GN, BY, BG,YB, and GB

Based on CPs’ delivery service choices in outcomes NY, NG, YN, GN, BY, BG, YB, and GB, we know that Wegnvyy — Weygnyy = Wegnegy —
Wey(nGgy = 0, WpG{yn} — Wpy{yN} = WDG{GN} — WDY{GN} = 0, Wpe{ny} — Woy{ny} > 0, Wpe{NG} — Wpr{nG) < 0, Wee{yny — Wey(yny > 0,
and Wegeny — Wergeny < 0. Therefore we have xcqvyy = Xcpvgy = > Xp{yny = Xpony = % Xpeny} > % > Xp¢ney» and X¢yny > % > XNy
Since the sign of Xy — Xpy;;y is the same as the sign of zy(;j; — zgjy for any outcome i, we have zyyvyy < Zgnyy and Zygyny > Zggyny-
Likewise, we have zy(ngy > Zgngy and Zygny < Zg(ony-

Successive applications of horizontal flip and vertical flip connect outcomes NY, NG, YN, and GN as follows:

Horizontal Flip
Outcome NY «——— Outcome NG

T T
Vertical Flip | | Vertical Flip
) \)

Horizontal Flip
Outcome YN «—  Outcome GN

. . 1 1
Through horizontal ﬂlp, we have xC{Ng} =1- xC{Ny} = E, xD{Ng} =1- xD{Ny} < E, ZY{NG} = ZG{NY}’ ZG{NG} = ZY{NY}’ xC{GN} =1-

1 1 . . 1
xC{YN} < E, xD{GN} =1- xD{YN} = E, ZY[GN} = ZG{YN}’ and ZG{GN} = ZY{YN]' Through vertical ﬂlp, we have xC{YN} = xD{Ny} > E, xD{YN} =

Xcnyy = 35 Zy{yN} = 1 = zyinyys Zogyny = 1 — Zovyy Xceny = Xpivey < %7 XDp{GN} = Xc{NG} = %, Zyiany = 1 — Zyngy and Zggyy = 1 —
Zg(ngy- Therefore the demand for CY, DY, CG, and DG in outcomes NY, NG, YN, and GN are related such that Npygyyy = Npggney =
Neggany = Nevewy s Noecivyy = Novvey = Nevieny = Negiyny » Neavry = Nevivey = Novieny = Noggeny » and Neygvyy = Neggvey =
NDG{GN} = NDY{YN}-

The demand analysis for outcomes BY, BG, YB, and GB is the same as that in outcomes NY, NG, YN, and GN since both CPs receive the
same queuing priority when they both pay for preferential delivery. Therefore, the demand for CY, DY, CG, and DG in outcomes BY, BG,
YB, and GB are related such that Npypyy = Npgisey = Neegony = Neviysy Nogiayy = Noyisey = Neviesy = Negiysys Negiayy = Nevisey =

NDY{GB} = NDG{YB}: and NCY{BY} = NCG{BG} = NDG{GB} = NDY{YB}-

If Y and G make identical decisions on any ISP (C or D), consumers on that ISP will receive the same queuing priority. For example, under
outcomes NG and BG, indifferent consumers of all four ISP-CP combinations are the same, which leads to identical demand distribution for
CY, DY, CG, and DG. That is Ncy(ngy = Nevisey Novivey = Novisey Neoivey = Neaiaay» @nd Npgivgy = Npgiaey- By the same arguments
above, we obtain the pairings with identical demand distribution for CY, DY, CG, and DG: outcomes NY and BY, outcomes YN and YB, and
outcomes GN and GB.
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As shown in Figure C4, outcomes in class d reveal particularly interesting demand patterns. For example, in outcome BG, although both CPs
pay for preferential delivery on ISP C, Y gets fewer consumers than G from ISP C, i.e., Ney(pgy > Negiaay-

DY DG DY xD{BG} DG
i ZG{BY} 2y{BG} i
Y e 1/2 p--- N fomnmnnnes
Zy{BY} ZG{BG}
cY 1/2 CG cY 1/2 CG
Outcomes NY and BY Outcomes NG and BG
Zy{yB} : : 2G{GB}
1/2}--=-=--=-=-- R 1/2f---------- it
| ZG{vB) Zy(cr) |
CcY 1/2 CcG CY Xcgry 1/2 CG
Outcomes YN and YB Outcomes GN and GB

Figure C4. Demand Distribution of Class d (outcomes NY, NG, YN, GN, BY, BG, YB, and GB)

Summarizing the above analysis for the symmetric equilibrium case, we conclude that the 16 outcomes can be grouped into four classes,
within which all outcomes are invariant under horizontal and vertical flips with similar consumer demand patterns.

Appendix D

Proof of Lemma 2: The Symmetric Equilibrium Case m—-——

We derive the possible symmetric equilibria in the packet discrimination regime by the following steps: step 1, prove that all outcomes
involving only Y pays for priority delivery are infeasible; step 2, derive properties of the equilibrium fixed fee F; step 3, eliminate dominated
outcomes.

Step 1: Prove that all outcomes involving only Y pays for priority delivery are infeasible

In step 1, we show that there is no feasible p for any outcome involving only Y pays. Therefore such outcomes (NY, YB, BY,YB, YG, GY,
and YY) cannot be an equilibrium. Since some outcomes are infeasible for similar reasons, we group them together.
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Outcomes NY and YN

Here we focus on showing that there is no feasible p for outcome NY, as the analysis for outcome YN is similar. For outcomes NY to be
feasible, all the CPs’ incentive compatibility constraints need to be satisfied: (1) myny; — Tygyyy = 0 (2) Typvyy — Ty = 0
(3) myvyy — vy = 05 (4) vy — Tagery = 0; (5) Tgpnyy — Teguey = 0; and (6) Tegnyy — ggery = 0.

. . . 1
Inequality (2) is _NDY{NY}P + (NCY{NY} - NCY{NN} - NDY{NN} + NDY{NY})rY =0 . Since NCY{NY} + NDY{NY} > Z and NCY{NN} +
(Neynyy+Noynyy—1/2)1y

Npy(nyy ’

Npyvwy = %, inequality (2) can be reduced to p <

. . . 1 1
Inequality (5) is Npgwmp + (NCG{NY} — Negvey + Noginvyy — NDG{NB})TG 2 0. Since Npgvgy =75 > Neavey + Npgvgy =5 » and
(1/2=Nc¢gvyy—Npoiny)Ta

1/4 :

Neenvyy + Npginyy < %, inequality (5) can be reduced top >

(Neyavyy+Npyvyy—1/2)1y <
Npy(nyy

1 1 1
We know that 3= Negevyy — Noggvry = Nevinry + Novinyy — 3 Npyinyy > > and r; = ry. Thus we have

(1/2=Nc¢oivyy=Npoiny)Te
1/4

. Therefore (2) and (5) are inconsistent. Hence there is no feasible p for outcome NY.

Outcomes YB and BY

Outcomes YB and BY are infeasible for similar reasons. Outcome Y B is not feasible since the following incentive compatibility constraints
are inconsistent: (1) ygygy — Tyvgy = 0 and (2) Tgrypy — Togmpy = 0.

(NCY(YB}+NDY{YB)_NCY{NG}_NDY(NG})rY

Inequality (1) can be reduced to p < Werurs Norirs)) . Note that we have Neygygy + Npyvey — Nevivgy — Novingy =
1,1 . 11
Neyiysy + Novivey =5 +5 = Nevingy — Noviwgy - Since Neyiysy + Npyivsy =5 = 5 = Neviney — Npyngy» we have Neyiypy + Npyiyey —
1 1 . . _—
Neyivgy — Noyinvgy = 2 (NCYU,B} + Npygysy — E) =2 (E = Negiysy — NDG{YB}) . Thus inequality (1) can be simplified to p <

(1/2—-Ncgwey—Npeys)Ty
(Neysy+Npyvsy)/2

(1/2-NcGysy—Npeysy)Te
(1/2- Npgysy)

N +N 1
Npgypy- Thus we have M >5= Npgysy- Therefore p =

Inequality (2) can be reduced to p = . Note that we have NCY{YB] + NDY{YB} + NCG{YB} + NDG{YB} =1.But NCG{YB} <

(1/2—-N¢gysy—Npeys))Ta > (1/2—-Ncgysy—Npeysy)Te
(1/2- Npgvay) (Neviyey*Npyrsy)/2

(1/2-N¢Gysy—Npave))Ta > (1/2-N¢6yey—NpGyey))Ta - (1/2—-N¢gvsy—Npays))Ty
(1/2= Npgyay) (Neyosy+Npyvsy)/2 -~ (Neygysy+Npygrsy)/2
inequalities (1) and (2) are inconsistent. Hence outcome Y B is infeasible.

. Therefore

In addition, we know 7; =1y . Thus we have

Outcomes YG and GY

Outcomes YG and GY are infeasible for similar reasons. Outcome YG is feasible provided my(ygy — Tyvpy = 0, i.€., G - Ncy{YG}) p+

1 1 . 1 . 1
(Ncy{yc} + Npyyvey — E) 7y = 0. Note that Neyygy + Npyvey = e This gives (Z - Ncy{yg}) p = 0. Since Neygygy > > we have p < 0.
Hence there is no feasible p for outcome YG.

QOutcome YY

Outcome YY is not feasible since the following incentive compatibility constraints are inconsistent: (1) Tyyy) — Tygvny = 0 and
2 TGyy) — TG(BB} = 0.

. . 1 1
Inequality (1) is (Nca{yy} — Negieey — E) p+ (NCG{GG} - NCG{yy})ry = 0. Note that Neggyyy + Neyprry = 5 Thus we have Negryyy —

Ncgieey —% = —Nceey — Neviryy = —2Nceieay < 0. Therefore inequality (1) can be reduced to p < (l — Neaomy

> ZNCG{“}) Ty. Inequality (2) can

be reduced top > (1 - 4’Ncg{yy})TG-

MIS Quarterly Vol. 41 No. 2—Appendices/June 2017 A9



Guo et al./Competition among Providers on the Net Neutrality Debate

Recall that Negryyy = Neygeey» Neviryy = Negieey» and Neyggey + Negioey = % Thus inequality (1) may be re-written as p < (1 -

)ry and inequality (2) may be re-written as p = 4N¢g(gay (1 - ) 1g. Since 1y < 15 and 4N¢g gy > 1, inequality (1) implies

4NcGiGey

thatp < (1

4NceGiGey

1y < 1 but inequality (2) implies that p = 4N¢geey (1 1 > 1. Therefore inequalities (1) and (2) are

_ ;) _ ;)
4NcG(Gey 4NcG(Gey

inconsistent and there is no feasible p for outcome YY.

To summarize the above, there is no feasible p for outcomes NY, YN, BY,YB, YG, GY, and YY, and therefore, they cannot be an equilibrium.

Step 2: Derive properties of the equilibrium fixed fee F

In step 2, we derive properties of the equilibrium fixed fee F. Here we first discuss some properties for all 16 outcomes and thus the subscript
ij is omitted in this discussion. Under the assumption of full market coverage, the profit maximizing fixed fee F is such that the consumers
of all four ISP-CP combinations (CY, DY, CG, and DG) with the lowest net utility will get zero net utility.

We now define the global utility function U(x, z) for the entire market [0,1] X [0,1]. First recall the definition of the demand distribution of
each ISP-CP combinations characterized by the utility functions.

Rey = {(x,2) € [0,1] X [0,1]; ucy(x,z) = max{ucg(x, 2), upy (x, 2), upg (x,2) } }
Rpy = {(x,2) € [0,1] x [0,1]; upy(x,2) = max{upq(x,2), ucy(x, 2), uce (x,2)} }
Reg ={(x,2) € [0,1] X [0,1]; uce(x, 2) = max{ucy (x, 2), upg (x, 2), upy (x,2)} }
Rpc = {(x,2) € [0,1] X [0,1]; upg (x,2) = max{upy (x, 2), ucs (%, 2), ucy (x, 2)} }

Note that each of the following inequalities reduces to regions on [0,1] x [0,1] dictated by the indifference customers between mutual pairs
of ISP-CP combinations:

Ucg(x,2) —ucy(x,2) 20 = x = x¢
Upg(x,2) —upy(x,2) 20 = x = xp
Upy(x,2) —ucy(x,2) 20 2=z
Upe(6,2) —ucg(x,2) 2 0 & z = z;
Upe(x,2) —ugy(x,2) 20 = z = L_(x)
Upy (x,2) —uce(x,2) 20 = z > L, (%)

Then the demand distributions can be written in terms of the indifference customers as follows:

Rey ={(x,2) € [0,1] X [0,1]; x < xc,z < 2zy,z<L_(x) }
Rpy ={(x,2) € [0,1] X [0,1]; x < xp,z = zy,z = L, (x) }
Ree ={(x,2) € [0,1] x [0,1]; x = x¢, 2 < 2,z < L, (x) }
Rpe ={(x,2) €[0,1] X [0,1]; x = xp,z = 25,z = L_(x) }

Define the global utility function U(x, z) over the entire market [0,1] x [0,1]:
upy(x,z), if(x,z) € Rpy

uce(x,2), if(x,2z) € Reg
upg(x,z), if(x,2) € Rpg

ucy(x,z), if(x,z) € Rey
U(x,z) = J

By definition of the demand regions R¢y, Rpy, Rcg, and Rpg, the global utility function gives the maximal utility value for the consumer
(x, z) according to its choice of ISP-CP combination. We also note that U(x, z) is a continuous function over the set [0,1] X [0,1]. Indeed,
first note that the functions ucy (x, 2), upy (%, 2), Ucg (%, 2), and upg (x, z) are linear functions in (x, z) and thus are all continuous. Since
U(x, z) is piecewise defined over demand regions Ry, Rpy, Rcg, and Rp¢, we only need to check that U(x, z) is continuous at each point
on the boundaries between mutual pairs of the demand regions R¢y, Rpy, Rcg, and Rpe. We check each boundary:

e  Between Ry and Rpy, the boundary is along the line z = zy on which Uy = upy.

e  Between R¢y and R, the boundary is along the line x = x on which ucy = ucg.

e  Between Rcy and R, the boundary is along the line z = L_(x) on which ucy = upg.
e  Between Rp; and R, the boundary is along the line z = z; on which up; = ucg.

e Between Rp; and Rpy, the boundary is along the line x = xp on which up; = upy.

e  Between Rpy and R, the boundary is along the line z = L, (x) on which upy = ucg.
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Since corresponding utility functions all matches along the boundaries between mutual pairs of the demand regions Ry, Rpy, Rcg, and Rpg,
the global utility function U(x, z) is continuous over the entire set [0,1] x [0,1].

The global utility function U(x, z) is a continuous function over the closed and bounded set [0,1] % [0,1]. Therefore U(x, z) attains its
maximum and minimum at some points in the set [0,1] X [0,1]. Under the assumption of full market coverage, the optimal fixed fees the
ISPs charge consumers are such that the minimum of U(x, z) equal to zero. In other words, the optimal fixed fee is the maximum fee such
that all consumers get nonnegative utility.

Since U(x, z) is piecewise defined by linear functions, it has no critical points in the interior of each demand regions R¢y, Rpy, R¢g, and
Rp¢. Therefore we only need to analyze the value of U(x, z) along each mutual boundaries to capture the minimum of U(x, z). Before we
analyze the boundaries between Ry, Rpy, Rcg, and Rpg, we recall that the demand distributions split into the three geometric types (i) xo =
xp and zy = zg; (ii) X < xp and zy < zg; and (iii) x¢; > xp and zy > z;.

The feasible outcomes NN, NB, BN, BB, and GG are of type (i), where the demand regions are all rectangular in shape. The feasible
outcomes GN and GB are of type (ii), which have exactly two rectangles, and two pentagonal regions sharing a boundary along z = L, (x).
And finally, the feasible outcomes NG and BG are of type (iii), which have exactly two rectangles, and two pentagonal regions sharing a
boundary along z = L_(x).

We organize the analysis into two cases (A): x¢ < xpand zy < z; and (B): x; = xp and zy = z;. Cases (A) and (B) overlaps in those of
type (i) here the diagonal boundary on z = L, (x) or z = L_(x) collapses to the point of intersection of these lines.

Case (A): x¢c < xp and zy < zg
There are five boundaries including a segment on z = L, (x).

(A1) Boundary between R¢y and Rpy. This boundary is along the horizontal line z = zy and is the line segment joining (0, zy) and the point
(x¢, zy). Since ucy = upy on this boundary, along the boundary we may write for 0 < x < x¢, U(x, zy) = ucy(x,2y) =V —tx — kzy —
dAwey — F¢, or U(x, zy) = upy(x,zy) =V — tx — k(1 — zy) — ddwpy — Fp. In either formula, we see that on this boundary U(x, z) is a
decreasing function of x. Therefore U(x, z) minimizes at (X, zy) on the boundary between Ry and Rpy.

(A2) Boundary between Rpg and R.¢. This boundary is along the horizontal line z = z; and is the line segment joining (xp, z¢) and the
point (1, z;). Since up; = Uge on this boundary, along the boundary we may write for xp, < x < 1, U(x,2;) = ucg(x,zg) =V —t(1 —
xX) —kzg —dAwgg — Fe, or U(x, zg) = upg(x,25) =V —t(1 —x) — k(1 — z5) — dAwpg — Fp. In either formula, we see that on this
boundary U(x, z) is a increasing function of x. Therefore U(x, z) minimizes at (xp, z;) on the boundary between Rp¢ and Re.

(A3) Boundary between Ry and Rc. This boundary is along the vertical line x = x and is the line segment joining (x¢, 0) and the point
(x¢, zy). Since ucy = ucg on this boundary, along the boundary we may write for 0 < z < zy, U(x¢,2) = ucy(x¢,2) =V —txc — kz —
dAwey — Fe, or U(x¢,2) = ucg(x¢c,z) =V —t(1 — x¢) — kz — dAwgg — Fe. In either formula, we see that on this boundary U(x, z) is a
decreasing function of z. Therefore U(x, z) minimizes at (x¢, zy) on the boundary between R.y and R¢.

(A4) Boundary between Rpg and Rpy. This boundary is along the vertical line x = xj, and is the line segment joining (xp, z5) and the point
(xp,1). Since ucy = ugg on this boundary, along the boundary we may write for z; < z < 1, U(xp,z) = upy(xp,2) =V —txp — k(1 —
z) — dAwpy — Fp, or U(xp,z) = upg(xp,z) =V —t(1 — xp) — k(1 — 2) — dAwp; — Fp. In either formula, we see that on this boundary
U(x, z) is a increasing function of z. Therefore U (x, z) minimizes at (xp, z;) on the boundary between Rp; and Rpy.

(A5) Boundary between R and Rpy. This boundary is along the line z = L, (x) and is the line segment joining (X, zy) and the point
(xp,z¢). We parameterize the directed line segment as follows: For0 < s < 1,x = (1 — s)x¢ + sxp and z = (1 — s)zy + 52;. On this
boundary the utility function U is a function of the parameter s. Since uc; = upy on this boundary, along the boundary we may write for
0<s<1,U(s) =upy((1—s)xc+sxp, (1 —5)zy +525) =V —t[(1 —s)xc + sxp] —k[1 — (1 — $)zy —sz5] —dAwpy —Fp =V +
st(xec —xp) —txe — k(1 — zy) + sk(zg — zy) — dAwpy — Fp, or U(s) = ucg (1 — $)x¢c + sxp, (1 — 8)zy +s25) =V(A) —t[1 - (1 —
S)xe — sxp] — k[(1 — $)zy + sz5] —dAweg — Fe = V(L) — t(1 — x¢) + st(xp — x¢c) — kzy + sk(zy — zg) — dAweg — Fe . If xp = x¢
and zy = z; then U(s) is a constant not dependent on s. However, in general we note that the slope of z = L, (x) is given by é = ;Z:z, ie.,
k(z; — zy) = t(xp — x¢). Thus the values of U(s) reduces to the constant: U(s) =V — tx; — k(1 — zy) — dAwpy — Fp or U(s) =V —
t(1 — x¢c) — kzy — dAwg; — Fc. From the analysis above, we could see that U(x, z) minimizes on the points along the boundary on the line
z = L, (x). In particular, U(x, z) minimizes at (x, zy) or (xp, z;) with the same value.

Case (B): x¢ = xpand zy = z;

There are five boundaries including a segment on z = L_(x).
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(B1) Boundary between Ry and Rpy. This boundary is along the horizontal line z = zy and is the line segment joining (0, zy) and the point
(xp, zy). Since ucy = upy on this boundary, along the boundary we may write for 0 < x < xp, U(x, zy) = ucy(x,2zy) =V — tx — kzy —
dAwgy — Fe, or U(x, zy) = upy(x,zy) =V — tx — k(1 — zy) — dAwpy — Fp. In either formula, we see that on this boundary U(x, z) is a
decreasing function of x. Therefore U(x, z) minimizes at (xp, zy) on the boundary between Ry and Rpy.

(B2) Boundary between Rp; and R.¢. This boundary is along the horizontal line z = z; and is the line segment joining (x¢, z;) and the
point (1, z;). Since upg = uUcg on this boundary, along the boundary we may write for x; < x < 1, U(x,2;) = ucg(x,2zg) =V —t(1 —
xX) —kzg —dAwgg — Fe, or U(x, zg) = upg(x,25) =V —t(1 —x) — k(1 — z5) — dAwpg — Fp. In either formula, we see that on this
boundary U(x, z) is a increasing function of x. Therefore U(x, z) minimizes at (X, z;) on the boundary between Rpg; and R¢.

(B3) Boundary between Ry and R.. This boundary is along the vertical line x = x and is the line segment joining (x¢, 0) and the point
(x¢,2¢)- Since ucy = ucg on this boundary, along the boundary we may write for 0 < z < z;, U(x¢, 2) = ucy(x¢,2) =V — txe —kz —
dAwey — Fe, or U(xc,2) = ucg(x¢c,z) =V —t(1 — x¢) — kz — dAwgg — F. In either formula, we see that on this boundary U(x, z) is a
decreasing function of z. Therefore U(x, z) minimizes at (x¢, z;) on the boundary between Ry and Re.

(B4) Boundary between Rj; and Rpy. This boundary is along the vertical line x = xj and is the line segment joining (xp, zy) and the point
(xp,1). Since ucy = ugg on this boundary, along the boundary we may write for zy < z < 1, U(xp,2z) = upy(xp,2) =V —txp — k(1 —
z) — dAwpy — Fp, or U(xp,z) = upg(xp,z) =V —t(1 —xp) — k(1 — 2) — dAwp; — Fp. In either formula, we see that on this boundary
U(x, z) is a increasing function of z. Therefore U(x, z) minimizes at (xp, zy) on the boundary between Rp; and Rpy.

(B5) Boundary between Ry and Rp;. This boundary is along the line z = L_(x) and is the line segment joining (xp, zy) and the point
(x¢,z¢). We parameterize the directed line segment as follows: For0 < s <1,x = (1 — s)xp + sx¢c and z = (1 — s)zy + 52;. On this
boundary the utility function U is a function of the parameter s. Since ucy = upg on this boundary, along the boundary we may write for
0<s<1,U(s)=upg((1 —5)xp +sxc,(1—8)zy +525) =V —t[1 — (1 —s)xp —sxc] —k[1 — (1 —5)zy —sz5] — dAwpg — Fp =
V+st(xe—xp) —t(1—xp) — k(1 —zy) +sk(zg —zy) —dAwpg —Fp , or U(S) =ucy((1 —8)xp + sx¢c, (1 —5)zy +525) =V —
t[(1 —s)xp + sxc] — k[(1 — $)zy + szg] — dAwey — Fe =V — txp + st(xp — x¢) — kzy + sk(zy — z5) — dAwgy — Fe. If xp = x¢ and
zy = zg then U(s) is a constant not dependent on s. However, in general we note that the slope of z = L_(x) is given by: —i = ﬁ, ie.,
k(z; — zy) = t(xp — x¢). Thus the values of U(s) reduces to the constant: U(s) =V — t(1 — xp) — k(1 — zy) — dAwpg — Fp or U(s) =
V —txp — kzy — dAw¢y — F. From the analysis above, we could see that U(x, z) minimizes on the points along the boundary on the line
z = L_(x). In particular, U(x, z) minimizes at (xp, zy) or (x¢, z;) with the same value.

Maximum Fees for Case A: The maximum fees occur when the minimum of the global utility function is zero. Therefore from the formulas
in (A5), the maximum fees are given by: V — tx; — k(1 — zy) — dAwpy — Fp = 0and V — t(1 — x) — kzy — dAw; — F. = 0. This gives

the maximum fees: Fo =V —t (1 - xCJrTxD) -k (@) —dAwesand Fp =V —t (xCJrTxD) -k (1 - %) — dAwpy.

Maximum Fees for Case B: The maximum fees occur when the minimum of the global utility function is zero. Therefore from the formulas
in (B5), the maximum fees are given by: V —t(1 —xp) — k(1 — zy) —dAwpg — Fp = 0 and V — txp — kzy — dAwey — Fo = 0. This
gives the maximum fees: Fp =V —t (xCJrTXD) -k (@) —dAwey and Fp =V —t (1 - chrTxD) -k (1 - %) — dAwpg.

We next solve for the optimal fixed fee for feasible outcomes in symmetric equilibrium when F = Fp, = F.

Optimal F for outcomes NN, NB, BN, and BB: All waiting times are the same and xo = xp = zy = z; = % Using the formulas for

. t Kk da
maximum fees above, we get Fiyny = Fivgy = Fiany = Figpy =V — 272

Optimal F for outcome GG: In this outcome, zy(cey = Zg(oey = % and Xpgey = Xc(oey < % We have four formulas for F which must be

consistent. We verify that those in Case A and Case B both reduces to the following formula for F: Fggy =V — t(l - xD{Gg}) - S -
2dA
2p—(1-2pGe)) A’

Optimal F for outcomes NG and BG: These outcomes have the same demand distributions and so the same indifferent customers and

waiting times. We use the formulas for Case B for these outcomes: Fggy = Fiygy =V — t(l - xD{Bg}) - k(l - Zy{BG}) - A

H=NpeBayA
Optimal F for outcomes GN and GB: These outcomes have the same demand distributions and so the same indifferent customers and
e 2
waiting times. We use the formulas for Case A for these outcomes: Figgy = Figyy =V — t(l - xC{GB}) — kzypy — S
U—Ncgemr
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Step 3: Eliminate Dominated Outcomes

From step 1, we know that outcomes NY, YN, YY, YG, YB, GY, and BY can be eliminated from the equilibrium analysis due to no feasible
p.

Next, we further eliminate other dominated outcomes by comparing CPs’ profits. Recall that: ey = TTpvny = F(N M. s TeNg) =

F{NB) AP(NB} F{BN)+1P{3N}

Tp(NB} = + > Tepny =
BB, we have F{NN} Fingy = Figny = Fippy and equal demand distributions amongst all ISP-CP combinations. Comparing pairs of these
outcomes yields Tpvyy < Tp(ve}s Tpeen} < Tpeee)> and Teqvpy < Tc(gp)- Therefore, outcomes NN, BN, and NB are dominated and can be
eliminated.

2
and TTppyy = F(T; and TT¢qppy = Tp(ppy = F“;B} + @. For outcomes NN, NB, BN, and

Next, we compare outcomes NG, GN, BG, and GB. We know Fyygy = Figny = Figey = Figpy» and the following demand distributions
amongst all ISP-CP combinations: NCY{NG} = NDY{GN} = NCY{BG} = NDY{GB} > NDY{NG} = NCY{GN} = NDY{BG} = NCY{GB} > NCG{NG} =
Npgeny = Negsey = Noeery» and Npgivey = Neagony = Noeaey = Negiesy- Recall that mepyey = (Neviney + Neovey) Fineys Tovey =
(NDY{NG} + NDG{NG})F{NG} + vy NoGineGy> Teony = (NCY{GN} + NCG{GN})F{GN} + ApemyNeaganys Toiany = (NDY{GN} + NDG{GN})F{GN}a
ey = (Nevsey + Neaisey) (Fiaey + APsey)s ey = (Noyaey + Noisey) Fiaey + APy Nocsey ey = (Neviesy +
NCG{GB])F{GB} + ApemNeciesy> and Tp(py = (NDy{GB} + NDG{GB})(F{GB} + Ap{GB}). Comparing pairs of these outcomes yields T¢ygy <
Tegpey and Ty < Mpggpy- Therefore, outcomes NG and GN are dominated and can be eliminated from the equilibrium analysis.

Therefore, after eliminating all the dominated outcomes, we conclude that outcomes GG, GB, BG, and BB as the only four possible symmetric
equilibria.

Appendix E

Proofs of Lemma 1 and Lemma 2: The Asymmetric Equilibrium Case - —

We derive the possible asymmetric equilibria in the packet discrimination regime by the following steps: in step 1, we characterize consumers
demand patterns; in step 2, we derive properties of the equilibrium fixed fees F; and Fp; in step 3, we eliminate dominated outcomes and
derive the only possible asymmetric equilibria. Without loss of generality, we assume F = Fj, + AF, where AF > 0.

Step 1: Characterize Consumer Demand Patterns in Asymmetric Equilibrium

Similar to the analysis of symmetric equilibrium, we compare consumers’ utility functions for the corresponding pairs of ISP-CP

o . 1, dA(weejy=Weriip) 1 dAwpegjy~Woy(ij)) 1_ Fe=Fp | 4 (Woyiij)~Weviip)
combinations and derive x¢j; = st———— xup =35t 2t DZy(ijy =57 or T 2K , and zg(i5y =

1 Fe—Fp , dA(Wpsij~Weaqis)
2

o P . Note that the sign of x¢(;jy — Xpgijy is the same as the sign of zy( 5y — Zg -

Each outcome ij is determined by the ISPs’ pricing decisions and the corresponding content providers’ delivery service choices. As in the

Ipvijy  Ipegijy

symmetric case, we denote outcome ij by the matrix . When considering asymmetric equilibrium, horizontal flip still applies

levipy leeup
to permuting the outcomes while vertical flip no longer applies since F = Fp.

Among the 16 outcomes, we still have four invariant classes under horizontal flip: (a) outcomes NN, NB, BN, and BB; (b) outcomes YY and

GG; (c) outcomes YG and GY; (d) outcomes NY, NG, YN, GN, BY, BG, YB, and GB. Next we apply the horizontal flip to each of the classes
(a) through (d) to characterize the demand distribution under each outcome.

(Class a) Outcomes NN, NB, BN, and BB

Under outcomes NN, NB, BN, and BB, all customers have equal queuing priorities. Therefore applying horizontal flip to these outcomes
will not change the queuing priorities. Hence the indifferent customers remain unchanged when horizontal flip is applied.

From horizontal flip relations, we have xcyny = 1 — Xcqunys Xpvny = 1 — Xpgvnys Xegvsy = 1 — Xy Xpvsy = 1 — Xpusy Xcgny =
. 1
1= x¢cny»> Xpnvy = 1 — Xpenys Xcgry = 1 — X¢gry»> and Xppy = 1 — Xpeppy . That is Xcpuny = Xcgvey = XNy = XcBBy = 3z and

Xp{nN} = Xp{NB} = XD{BN} = XD{BB} = 3
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Since the sign of x¢y;jy — xpijy 1s the same as the sign of zy(;;, — Zg( 5y for any outcome ij and x¢ = xp under outcomes NN, NB, BN, and

1 o . 1 Fe-F 1. .
BB, we have zy = z;. Next we prove that zy = z; < Eby contradiction. First, suppose zy < >~ CZ_kD Then zy < 5 since Fe = Fp. This

L L 1 Fo=Fp , dA(Wpy—W, Fe—Fp |, dA(Wpy—W, 1
implies Npy > Ncy which gives wpy > wey. But we also have zy =2 — CZkD ¢ DZY;C cr) Csz X Dzyk o) >

. Therefore % -

Fo—F, . . _ . 1 Fo—F 1
CZkD which gives wpy — wey < 0. A contradiction arises. Therefore, we must have zy > 3= < kD . Second, suppose zy > > Then Npy <
Lo 1, Fp—F¢ , dA(Wpy—Wey) _ 1 _ .
N¢y which gives wpy < wey. But we have F¢ > Fp. Therefore zy = - + D2k €+ D2 Yk &< 5+ A contradiction arises. Therefore we must
1
have zy < >

Therefore, as shown in Figure E1, the market demands for CY and CG are equal, and the market demands of DY and DG are equal under
. 1
outcomes NN, NB, BN, and BB. That is NCY{NN} = NCG{NN} = NCY{NB} = NCG{NB} = NCY{BN} = NCG{BN} = NCY{BB} = NCG{BB} < Z and

1
NDY{NN} = NDG{NN} = NDY{NB} = NDG{NB} = NDY{BN} = NDG{BN} = NDY{BB} = NDG{BB} > "

DY DG
1/2f--m-mmmmmm e
Z(nny
cY 1/2 cG

Figure E1. Demand Distribution of Class a (outcomes NN, NB, BN, and BB)

(Class b) Outcomes YY and GG

Based on symmetry under horizontal flip, we can obtain the demand distribution of YY by reflecting the demand distribution of outcome GG
through the line x = % Thus we may focus on deriving the demand distribution of outcome GG.

We know from the analysis of symmetric equilibrium that when F¢ = Fp, Xpgey = Xc(eey < % and Zg ey = Zygey = % When Fq > Fp, we

dll(WCG(GG}_WCY{GG)) 1 dA(WDG{GG)_WDV(GG}) 1 Fc—Fp dl(WDY{GG)—WCY{GG}) 1
— . Mea Tyt T o o Eee Ty T 2K » and Zg(e) =5~

1
know that xcgey = >t
Fe—Fp , dA(WpGia6)—Wce(66))
2k 12k 1
ThuS, xC{GG} < E and xD{Gg} < E

. Since only G pays for preferential delivery on both ISPs, Weggey — Weyieey < 0, and Wpg ey — Woyieey < 0.

dA|(w, -w, —(w, —-w, da N A+N A
Furthermore, Xe(66) — Xpea) = [(Woyise;=wparee)~(Wevias~Wesoa))] _a p6(66A+Npy (66} _
2t 2t | (1—-Npeeeyt) (-—NpgeeyA—Npy(Gayd)

NcgieayAt+Neyieeyd
(u=Ncgey) (B=NegoaiA—Neyiayd)
1 . . . . ..
XcGey < 5- Since the sign of x¢(;j; — Xpgjy is the same as the sign of zy(;;, — Zg(j for any outcome ij, we have Zg(ey < Zygge -

> 0 since Npgiaey > Negiaey and Npgieey + Novicey > Negiaey + Nevicey- Therefore, we have xp gy <

Furthermore, we know that ZG{GG} < % since NDG{GG} + NDY{GG} > NCG{GG} + NCY{GG}‘

Therefore, as shown in Figure E2, xpg6y < Xc(gey < %, Zgi66y < Zy(aey and Zg(gey < % Based on horizontal flip, we know that xpgyy) =

1 1
1 = Xpgey> Xcqvyy = 1 = Xc(gay Zagyyy = Zvieey> and Zy(yyy = Zg(ggy- Therefore, Xpiyyy > Xeyyy > 55 Zvivyy < Zggyyy> and Zygyyy < 5.
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DY xD{YY} DG DY xD{GG} DG
U E _____________ ZG{yy} Zyieoi——~_ E- ____________ 1/2
Zy{yy) . ZG6(GG)
cY 1/2 xceyyy (G cY Xccey1/2 CG
Outcome YY Outcome GG

Figure E2. Demand Distribution of Class b (outcomes YY and GG)

(Class c) Outcomes YG and GY

Based on symmetry under horizontal flip, we can obtain the demand distribution of GY by reflecting the demand distribution of outcome YG
through the line x = % Thus we may focus on deriving the demand distribution of outcome YG.

Under outcome YG, only Y pays for preferential delivery on C and only G pays for preferential delivery on D. Thus, Wegygy — Weygrey > 0
and Wpg(yey — Wpyirgy < 0. Therefore we have x¢rygy > % > Xprey- Since the sign of x¢g;jy — xpyijy is the same as the sign of zygj, —
Zg(ij) for any outcome ij, we have Zygygy > Zgrygy- When F¢ > Fp, we know that Npg(yey + Npygyey > Neggrey + Nevivey- Therefore, we

have ZG{YG} < é

Therefore, as shown in Figure E3, xpgy¢y < % < Xcrap Zofray < Zrivey and Zgyey < % Based on horizontal flip, we know that xp gy} =

1 1
1 = Xprey> Xc(ovy = 1 = Xcqveys Za(eyy = Zrivey> and Zy(gyy = Zg(ygy- Therefore, xcyy <5 < Xp(ary Zriary < Za(eyy and Zy(gyy < 3-

DY xD{YG} DG DY xD{GY} DG
Zy{yG} E i 2G{GY}
1/2["X Poosomooooe- 1/2p-mmmmmmee AR
E Zg(ye) Zy(cy} i
CcY 1/2 Xcvey CG CY Xciry1/2 CG
Outcome YG Outcome GY

Figure E3. Demand Distribution of Class ¢ (outcomes YG and GY)
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(Class d) Outcomes NY, NG, YN, GN, BY, BG, YB, and GB

The demand analysis for outcomes BY, BG, YB, and GB is the same as that in outcomes NY, NG, YN, and GN since both CPs receive the
same queuing priority when they both pay for preferential delivery. Based on symmetry under horizontal flip, we can obtain the demand

distribution of NY by reflecting the demand distribution of outcome NG through the line x = % Similarly, we can obtain the demand

distribution of YN by reflecting the demand distribution of outcome GN through the line x = % Thus, we may focus on deriving the demand
distribution of outcomes NG and GN.

In outcome NG, neither CP pays on C and only G pays on D. Thus, wegney — Weyingy = 0 and wpgnvgy — Wpyngy < 0. Therefore, we have
Xpiney < Xcgngy = % Since the sign of x¢(;;; — xpy;jy is the same as the sign of zy(;;; — zgy;jy for any outcome if, we have zgngy < Zy(nay-

When F¢ > Fp, we know that Npginey + Npyivey > Neaivey + Neviney- Therefore, we have zgygy < %

Therefore, as shown in Figure E4, xp(yey < Xcvey = %, Zgvey < Zyingy and Zgngy < % Based on horizontal flip, we know that xp(yy} =
1 1
1 = Xp(ney Xevyy = 1 = Xevays Zavyy = Zrivey and Zyvyy = Zgny- Therefore, xevyy < Xpvyy = 3 Zrivyy < Zovyy> and Zypvyy <5

Similarly, in outcome GN, only G pays on C and neither CP pays on D. Thus, weggny — Weriony < 0 and wpgeny — Wpyieny = 0.

Therefore, we have xc(gny < Xpeny = % Since the sign of x¢(;j3 — xpyijy is the same as the sign of zy(;jy — zg(;;, for any outcome ij, we

have zy(gny < Zg(gny- From the analysis of symmetric equilibria, we know that when F¢ = Fp, zygny < % Thus, when F > Fp, have
1

Zyiony < >

1

> Zr(aN} < ZG(GNY» and Zygyy < % Based on horizontal flip, we know that xpyyy =

Therefore, as shown in Figure E4, xc(gny < Xpeny =

1 1
1 = Xpiany Xcprwy = 1 — Xegonys Zagyny = Zrionys and Zygyny = Zggeny- Therefore, xpyny = 2 < Xc{yny ZG{YN) < Zygyny> and Zgryyy < 7

The demand patterns for outcomes BY, BG, YB, and GB are identical to that for outcomes NY, NG, YN, and GN respectively.
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DY xc{By} xD{By} DG DY xD{BG} xC{BG} DG
i Zeiny Zy (B |
1/2f-------=---" A e e Fmomsomoooe- 1/2
Zy{BY} Z G{BG}
cY 1/2 cG cY 1/2 CG
Outcomes NY and BY Outcomes NG and BG
DY xD{YB} DG DY xD{GB} DG
Zy{yB} , : 2G{GB}
1/2f-======="- PN 1/2 ===/~ R
E ZG{vB} 2y{GB} i
CcY 1/2 xcwpy CG CY Xcipy 1/2 CG
Outcomes YN and YB Outcomes GN and GB

Figure E4. Demand Distribution of Class d (Outcomes NY, NG, YN, GN, BY, BG, YB, and GB)

Step 2: Derive Properties of the Equilibrium Fixed Fees F and Fj in Asymmetric Equilibrium
As shown in step 2 in Appendix D, the equilibrium fixed fees F and Fj, take two different forms: in Case (A) when x. < xp and zy < zg,
wehave Fp =V —t (1 - WTXD) -k (%) —dAwggand F, =V —t (WTXD) -k (1 - %) — dAwpy; in Case (B) when x, = xp and

Zy = z; , we have FC=V—t(xC+TxD)—k(%)—dlwcy and FD=V—t(1—xC+TxD)—k(1—%)—dAWDG. Among the 16

outcomes, outcomes NN, NB, BN, and BB are contained in both Case (A) and Case (B); outcomes NY, BY, GN, GB, YY, and GY are
contained in Case (A); outcomes NG, BG, YN, YB, GG, and YG are contained in Case (B).

Based on the results in step 1, we know the demand patterns and waiting times are related across different outcomes by horizontal flip.
Therefore, we can compare the equilibrium fixed fees F and Fp, for the following groups of outcomes.

Outcomes NN, NB, BN, and BB

1
For outcomes NN N NB N BN . and BB , WE have xc{NN} = xD{NN} = xC{NB} = xD{NB} = xC{BN} = xD{BN} = xC{BB} = xD{BB} = E and

1 .
Zy(NN} = ZG(NN} = Zy(NB} = ZG(NB} = Zv(BN} = ZG(BN} = Zv(BB) = Z(BB} < - Inaddition, we know that wegivny = Weynwy = Wegvgy =
Wcy(nBy = Wegieny = Wey (BN} = WeG{BB} = Wcy (BB} and Wpy{nN} = WpG{nN} = Wpy{NB} = WDG{NB} = WpDY{BN} = WDG(BN} = WpDY{BB} =
WDG{BB}‘ Therefore, we know that FC{NN} = FC{NB} = FC{BN} = FC{BB} and FD{NN} = FD{NB} = FD{BN} = FD{BB}'
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QOutcomes NY, NG, BY, and BG

For outcomes NY, NG, BY, and BG, we have Xcyy} = Xcvgy = XcBy} = Xc{Be} = % Xpvyy = 1 — Xpvey = 1 — Xpeey = Xpiayy»
Zy(ny} = Zane} = Zv(By} = Za(BG) a4 Zgnyy = Zy(ngy = Za(sy} = Zv{pc}- In addition, we know that Wegnvyy = Weyingy = Wegiay) =
Weyisay and Wpyvyy = Wpgine} = Wpy(Br} = Wpeisc} - Lherefore, we know that Feivyy = Fevgy = Fegyy = Fegsey and Fpyyy =
Fpvey = Fpyy = Fosey-

QOutcomes GN, YN, GB, and YB

For outcomes GN, YN, GB, and YB, we have Xpigny = Xpyny = Xp(eB} = Xp{yB} = %, Xeony = 1 — Xeyny = 1 — Xegysy = Xcqery »
Zy(GN} = ZG{yN} = Zv(6B} = Ze(vB} A Zggny = Zyyny = Zg(cr} = Zy(vp)- In addition, we know that wegreny = Weyyny = Wegiesy =
ch{yg} and WDY{GN} = WDG{YN} = WDY{GB] = WDG{YB} . Therefore, we know that FC{GN} = FC{YN} = FC{GB} = FC{YB} and FD{GN} =
FD{YN} = FD{GB} = FD{YB}~

Outcomes GY and YG

For outcomes GY and YG, we have xX¢gyy = 1 — Xcveys Xpgevy = 1 — Xpgveys Zvieyy = Zoivey and Zggeyy = Zygycy- In addition, we know
that wegeyy = Weyqyey and Wpy(gyy = Wpg(yey- Therefore, we know that Fe(gyy = Fegyey and Fpeyy = Fogrey-

Step 3: Eliminate Dominated and Infeasible Outcomes in Asymmetric Equilibrium

Next we compare groups of outcomes and eliminate the dominated outcomes from further analysis of asymmetric equilibrium.

Outcomes NN, NB, and BN are dominated

In outcome NN, the ISPs’ profit functions are megyyy = (Ncy{NN} + NCG{NN})FC{NN} and TTpoyyy = (NDy{NN} + NDG{NN})FD{NN}, In
outcome NB, the ISPs’ profit functions are m¢ypy = (NCY{NB} + NCG{NB])FC{NB} and TTpypy = (NDy{NB} + NDG{NB})(FD{NB] + ApD{NB}).
In outcome BN , the ISPs’ profit functions are mpyy = (Ncy{BN} + NCG{BN})(FC{BN} + ApC{BN}) and TppNy = (NDy{BN} +
NDG{BN})FD{BN}. In outcome BB, the ISPs’ profit functions are 7c(gpy = (Ncy{BB} + NCG{BB})(FC{BB} +/1pC{BB}) and Tp(ppy =
(NDy{BB} + NDg{BB})(FD{BB} + ApD{BB}). Based on the results in step 1, we know that Neyovny = Negivwy = Nevvsy = Negivsy =

NCY{BN} = NCG{BN} = NCY{BB} = NCG{BB} and NDY{NN} = NDG{NN} = NDY{NB} = NDG{NB} = NDY{BN} = NDG{BN} = NDY{BB} = NDG{BB} .
Based on the results in step 2, we know that Feoyny = Fevgy = Feny = Fegsy and Fpovwy = Foovsy = Fpeny = Foysay-

Comparing pairs of these outcomes yields TTpyny < Tpgnpy, Tpen} < Tpiesy> and Tcivpy < Tcqppy- Therefore, outcomes NN, BN, and NB
are dominated and can be eliminated from further analysis of asymmetric equilibrium.

QOutcome NY is dominated by outcome NG

The feasible region of pcgyyy and ppgyyy is determined by the six incentive compatibility constraints: yyyy — Tygyyy = 0, Tyqnyy —
Tygvny = 0, Tyvyy — Tygrny = 0, Tovyy — Taiery = 0, Tovyy — Tvey = 0, and gyyy — gy = 0. These constraints respectively
imply (NCY{NY} + Npyinyy — Nevivyy — NDY{YY})rY + NeygyviPegvyy T+ (NDY{YY} - NDY{NY})pD{NY} =0, (NCY{NY} + Npyvyy — %) Ty —
NpyvryPpvyy = 0, (NCY{NY} + Npyvyy — Nevpewy + NDY{YN})rY + NeyiymyPegnyy — NovinryPovyy = 0, (NCG{NY} + Npgvyy — %) 6+
NeeoryPenyy 20, (NCG{NY} + Npgivyy — %) 76 + NpevpyPoovyy =0, and  (Negvyy + Noevyy — Neviesy — Noviesy)7e +
NegoryPevyy + NpgiesyPovyy 2 0.

The feasible region of pcingy and ppgney is determined by the six incentive compatibility constraints: Tyygy — Tyqyey = 0, Tyngy —
Tyvey = 0, Tyvgy — Tyvgvey = 0, Tavey — Tageay = 0, Tovgy — Touny = 0, and gy — Tggny = 0. These constraints respectively
imply (NCY{NG} + Npyvey — %) 1y + NevyayPevey 2 0 (NCY{NG} + Npyvey — %) Ty + NpyonsyPovgy = 0 (NCY{NG} + Npyey —
Neyivsy = Novrsy)Tr + NevivsyPevey + NovrsyPopvey 20 (Ncevey + Noevey — Negiesy — Noegeay)Te + NeaieayPevey +
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1
(Npeeey — Nogney)Popvey 2 0, (Ncc{zvc} + Npginey — 5) 76 — NpeveyPovey 20 . and  (Negvey + Noevey — Neagony —
Npeany)T6 + Neoempeney — NocineyPovey = 0

The feasible region of pc(ygy and pp(ngy contains the feasible region of pcyyyy and ppyyy since 7z = 1y and the demand patterns across
outcomes are related by horizontal flip. Based on the results in step 2, we know that Feqyyy = Fevey and Fpvyy = Fponey- In outcome NY,

the ISPs’ proflt functions are nc{Ny} = (NCY{NY} + NCG{NY})FC{NY} and nD{Ny} = (NDY{NY} + NDG{NY})FD{NY} + ANDY{NY}pD{NY} . In
outcome NG , the ISPs’ profit functions are Ticingy = (Ncy{NG} + NCG{NG})FC{NG} and Tipygy = (NDy{NG} + NDG{NG})FD{N(;} +
ANpGinyPpinGy- Therefore, outcome NY is dominated by outcome NG since Ttpyyy < Tpgngy-

Outcomes BY is dominated by outcome BG

The feasible region of pcpyy and ppepy; is determined by the six incentive compatibility constraints: Ty(py} — Ty(gyy = 0, Ty(py} —
Tygeny 2 0, Tyayy — Tyony 2 0, Teayy — Terryy = 0, Tggayy — Tegeey = 0, and Tgpyy — Tgypy = 0. These constraints respectively
imply (NCY{BY} + Npypyy — %) v — NeygsyyPeipyy + (NDY{GY} - NDY{BY})PD{BY} =20 , (NCY{BY} + Npyyy — %) v + (NCY{BN} -
NCY{BY})pC{BY} — NpyeriPpiary 2 0, (NCY{BY} + Npysyy — Neviany — NDY{GN})rY — NeygevyPeisyy — NovisryPory 2 0, (NCG{BY} +
Npgayy — Negryy — NDG{YY})’”G — NegrymyPegayy 2 0, (NCG{BY} + Npgayy — i) 6+ (NCG{BB} - NCG{BY})PC{BY} + NpeiesyPpiayy = 0,
and (Negiayy + Nogiary — Neerysy — Noerysy)Te — NegaviPeisyy + NogvsyPogayy = 0.

The feasible region of pcepgy and ppepegy is determined by the six incentive compatibility constraints: Ty(ggy — Ty(cey = 0, Ty(pgy —
Tygepy = 0, Typey — Tyepy 2 0, Tepey — Megvey = 05 Tapey — Megany = 0, and Tigipgy — Mgyny = 0. These constraints respectively
imply (NCY{BG} + Npysey — Nevieey — NDY{GG})’”Y — NevigeyPeey 2 0, (NCY{BG} + Npyigey — %) Ty + (NCY{BB} - NCY{BG})pC{BG} +
NpysPoey 20 (NCY{BG} + Npyey — Neviesy — NDY{GB})TY — NeyigeyPesey + NovieeyPosey =0 s (NCG{BG} + Npgiaey —
NCG{YG} - NDG{YG})TG - NCG{BG}PC{BG} + (NDG{YG} - NDG{BG})pD{BG} =0, (NCG{BG} + NDG{BG} - %) e + (NCG{BN} - NCG{BG})pC{BG} -
NDG{BG}pD{BG} =0, and (NCG{BG} + NDG{BG} - NCG{YN} - NDG{YN})TG - NCG{BG}PC{BG} - NDG{BG}PD{BG} = 0.

The feasible region of p¢(pgy and ppypey contains the feasible region of pe(pyy and ppepy} since r; = 1y and the demand patterns across
outcomes are related by horizontal flip. Based on the results in step 2, we know that Feepyy = Fegpgy and Fpigyy = Fpygey- In outcome BY,

the ISPs’ proﬁt functions  are T[C{BY} = (NCY{BY} + NCG{BY})(FC{BY} + APC{BY}) and T[D{BY} = (NDY{BY} + NDG{BY})FD{BY} +
ANpy(By}Pp(sy}- In outcome BG, the ISPs’ profit functions are w¢(pgy = (Ncy{Bg} + NCG{BG})(Fc{BG} + ApC{BG}) and TTpepgy = (NDy{BG} +
NDg{BG})FD{BG} + ANpg(pciPpicy- Therefore, outcome BY is dominated by outcome BG since ip(pyy < Tp(pey-

Outcomes NG is dominated by outcome BG

In outcome NG, the ISPs’ profit functions are Tciygy = (Ncy{NG} + NCG{NG})F(:{NG} and Tppygy = (NDy{NG} + NDg{Ng})FD{NG} +
ANpGinGPp(nGy - In outcome BG , the ISPs’ profit functions are mcpgy = (Ncy{Bg} + Ncg{BG})(Fc{BG} +Apc{36}) and Tp(pgy =
(NDy{BG} + NDG{BG})FD{Bg} + ANpG(BciPpiscy- Based on the results in step 1, we know that Ney(ney = Neyisey and Negivey = Negiaey-
Based on the results in step 2, we know that Fe(ygy = Fe(ggy. Therefore, outcome NG is dominated by outcome BG since Ticingy < T¢(gay-

QOutcomes YN is dominated by outcome GN

The feasible region of pcryyy and ppyyyy is determined by the six incentive compatibility constraints: Tygyyy — Tygvny = 0, Tygyny —

Tygryy = 0, Tyyny — Tyvry = 0, Togrny — Togany = 0, Tgyny — Tagrey = 0, and Tigyny — gpey = 0. These constraints respectively

. 1

imply (NCY{YN} + Npygyny — E) v — NeygymyPegyny 2 0, (NCY{YN} + Npygyny — Neviryy — NDY{YY})rY + (NCY{YY} - NCY{YN})pC{YN} +
1

NpyyyiPpiyny = 0, (NCY{YN} + Npygyny — Nevvyy — NDY{NY})rY — NeyiymyPegyny + NoyivryPogrny 2 0, (NCG{YN} + Npgyny — ;) 6+

NegismPegrny 20, (NCG{YN} + Npgyny — Negprey — NDG{YG})TG + Npgireypogyny 20 ., and (NCG{YN} + Npgyny — Negiaey —

NDG{BG})rG + NegsayPegymy + NogisayPogrny = 0.

The feasible region of pcigny and ppgguy is determined by the six incentive compatibility constraints: Ty(gyy — Ty(any = 0, Tygny —

Tygeyy 2 0, Tygany — Tygayy = 0, Toeny — Tegvwy = 0, Tgony — Tegeey = 0, and Tgiony — Tongy = 0. These constraints respectively

. 1
imply (NCY{GN} + Npyiemy — 5) v + NeyismPegeny 2 0 (NCY{GN} + Npyieny — Nevieyy — NDY{GY})rY + NpyeriPoiny =0,
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1
(Neviemy + Novieny — Neviayy — Novisvy)™v + NevisviPeeny + NoviayyPoieny = 0, (Ncc{czv} + Npgony — ;) 76 — NegemyPeeny 2 0,
(Nesgeny + Noeany — Neegeey — Nocieay)Te + (Negoey — Neogeny)Peteny + NoceayPoany =0 . and  (Negiany + Nogieny —
Neevey — NDG{NG})rG — NegremyPegony + NociveyPogeny = 0.

The feasible region of pc(gny and ppgny contains the feasible region of pegyny and ppgyny since 7 = 1y and the demand patterns across

outcomes are related by horizontal flip. Based on the results in step 2, we know that Fe(gyy = Feyny and Fpggny = Fpgyay. In outcome GN,

the ISPs’ proﬁt functions are T[C{GN} = (NCY{GN} + NCG{GN})FC{GN} + ANCG{GN}pC{GN} and nD{GN} = (NDY{GN} + NDG{GN})FD{GN} . In
outcome YN . the ISPs’ proflt functions are nc{YN} = (NCY{YN} + NCG{YN})FC{YN} + ANCY{YN}pC{YN} and T[D{YN} = (NDY{YN} +
Npe {YN})FD{YN}, Therefore, outcome YN is dominated by outcome GN since T¢gyny < Tegony-

Outcomes Y B is dominated by outcome GB

The feasible region of pcypy and ppeypy is determined by the six incentive compatibility constraints: Tygypy — Tynpy = 0, Tyypy —
Tygrey 2 0, Tyryey — Tyivgy = 0, Tlgvsy — Tegeey = 0, Toyey — Moryyy = 0, and Tigypy — Tggeyy = 0. These constraints respectively
imply (NCY{YB} + Npygyey — %) 1y — NeygypyPegyey + (NDY{NB} - NDY{YB})pD{YB} =0 , (NCY{YB} + Npywsy — %) Ty + (NCY{YG} -
NCY{YB})pC{YB} — NpysyPoysy = 0, (NCY{YB} + Npysy — Nevvey — NDY{NG})rY — NeviysyPewsy — NovvsyPosy 2 0, (NCG{YB} +
Npgyey — %) 76 + NegspyPeysy + (NDG{BB} - NDG{YB})pD{YB} =0, (NCG{YB} + Npegysy — Negpryy — NDG{YY})TG — NpgyyPogyey = 0,
and (NCG{YB} + Npgyey — Neoiayy — NDG{BY})TG + NegaviPerysy — NoeiysyPoirsy = 0.

The feasible region of pegepy and ppepy is determined by the six incentive compatibility constraints: Ty(cpy — Ty(sp} = 0, Ty(cpy —
Tygaey = 0, Ty(gey — Ty(Bay = 0, Taery — Tovey = 0, Taeey — Toiery = 0, and ggpy — Tgenyy = 0. These constraints respectively
imply (NCY{GB} + Npyey — %) 1y + NeygseyPeery + (NDY{BB} - NDY{GB})PD{GB} =0, (NCY{GB} + Npyesy — Nevicey — NDY{GG})rY -
NDY{GB}pD{GB} =0, (NCY{GB} + NDY{GB} - NCY{BG} - NDY{BG})TY + NCY{BG}PC{GB} - NDY{GB}PD{GB} =0, (NCG{GB} + NDG{GB} - %) e —
NeeeryPegery + (Noogvey — Noeery)Poiesy = 0. (NCG{GB} + Npgiepy — %) 76 + (Ncegevy — Neciesy)Peies) — NociemyPoiesy = 0, and
(Negery + Npgiery — Neaivyy = Noavny)7s — NegieryPeiery — NociasPpiery = 0.

The feasible region of pc(spy and pp(gpy contains the feasible region of pc(ypy and ppygy since r; = 1y and the demand patterns across
outcomes are related by horizontal flip. Based on the results in step 2, we know that Fegpy = Feqypy and Fpepy = Fpgyp- In outcome YB,

the ISPs’ proflt functions are nc{yg} = (NCY{YB} + NCG{YB})FC{YB} + ANCY{YB}pC{YB} and T[D{YB} = (NDY{YB} + NDG{YB})(FD{YB} +
lpc{yg}). In outcome GB, the ISPs’ profit functions are ¢(gpy = (Ncy{GB} + NCG{GB})FC{GB} + AN¢gemPeiery and Ttpgpy = (NDy{GB} +
Nng{GB})(FD{GB} + ApC{GB}). Therefore, outcome Y B is dominated by outcome GB since Ti¢ypy < Te(gp)-

QOutcomes GN is dominated by outcome GB

In outcome GN , the ISPs’ profit functions are mceny = (Ncy{GN} + NCG{GN})FC{GN} + AN¢gamyPeeny and Tpgeny = (NDy{GN} +
NDg{GN})FD{GN}. In outcome GB, the ISPs’ profit functions are T¢(gpy = (Ncy{GB} + NCG{GB})FC{GB} + AN¢gePeiery and Tippy =
(NDy{GB} + Nng{GB})(FD{GB} + ApC{GB}). Based on the results in step 1, we know that Npyny = Npy(gpy and Npgeny = Npgieey- Based
on the results in step 2, we know that Fpsny = Fpygpy- Therefore, outcome GN is dominated by outcome GB since TTpgyy < Tpigpy-

Outcomes GY and Y G are infeasible

Here we focus on showing that there is no feasible p for outcome YG, as the analysis for outcome GY is similar. For outcomes YG to be
feasible, all the CPs’ incentive compatibility constraints need to be satisfied: (1) my(yey — Ttynvey = 05 (2) Ty(vgy — Tygvpy = 05

(3) myvey — Typuey = 05 (4) Tvey — Tagsey = 05 (5) Tagvey — Tagrny = 05 (6) Tagvey — Tagany = 0.

. . . 1 . .
Inequality (3) is (NCY{YG} + Npywvey — Neviney — NDY{NB})TY + NpyiveyPp — Nevvaype 2 0. Since Neyqvpy + Npy(ngy = 5, inequality

1
N LY -N
(3) can be reduced to pp = ( mm}) pc + <2 e DY(YG}) Ty

Npy(nB} Npy(nB}
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. . . 1, .
Inequality (6) is (NCG{YG} + Npggrey — Neoany — NDG{BN})rG + Negsmpe — Nogvaypp = 0. Since Negpny + Npgany = 5, inequality

1
N LY -N
(6) can be reduced to pp < ( CG{BN)) pc + <2 cere) DG{YG}) G-

Npeirey NpGyey

1
>~ Neyivey— Noyray

Npy(nB)

Based on the result in step 1, we have % — Nevgvey — Novvey = Neagrey + Nogivey —% > 0. This gives ( >ry > 0 and

1

Z—N -N N N

<M> e < 0. Next we show that # > % We first note that NDY{NB} = NDG{NN} and NCG{BN} = NCY{NN]' Thus,
DG{YG} DY{(NB} DG{YG}

Neyyey > Ncgieny PN Neyirey Neynny Neyvey > Npginny

= .
Npy(nBy  NbpeGye) NpGinny  NpeGiyey Ncy(nny NpGirey

. N N N N
Since Neygygy > Nevvwy and Npggyey > Npguny, we have G 1 > L4 Thys, we also have —% > —CSEN Then (3) and (6)
Ncy(nny Npgirey Npyivy  Npgiyey

implies that p; and pj, are both negative. Therefore, outcome Y G is infeasible.

Similarly, we can show that there is no feasible p for outcome GY. Therefore, both outcomes YG and GY are infeasible.

QOutcomes YY is infeasible

For outcomes YY to be feasible, all the CPs’ incentive compatibility constraints need to be satisfied: (1) Ty(yy} — Tyvgy = 0; (2) Tyqyyy —
Ty (Gny = 0; (3) TTy(yy} — Ty(vny = 0; (4 TG(yy} — TG(BY} = 0; (5) TG{yy} — TG{yB} = 0; (6) TG(yy} — TG{BB} = 0.

. . . 1. .
Inequality (3) is (NCY{YY} + Npygyyy — Nevonny — NDY{NN})TY = NeygyvyPe = Nopyyyypp 2 0. Since Neygvny + Npy(vwy = 5, inequality (3)

1
can be reduced to (Ncy{yy} + NDY[YY} - E) Ty = Ncy{yy}pc + NDY{YY}pD'

. . . 1 . .
Inequality (6) is (NCG{YY} + Npggyyy — Neaasy — NDG{BB})TG + NegieeyPc + Npaapypp = 0. Since Negppy + Npgippy = 3, inequality
1
(6) can be reduced to NegippyPc + NpgasyPp 2 (5 = Negiyry — NDG{YY}) TG-

. 1 1
Based on the result in step 1, we have Neyvny = Negissy» Novivny = Npegssy and (E — Negpyyy — NDG{Yy}) = (Ncy{yy} + Npypyyy — E)‘
We also know that r; =1y . Thus, NeywwyPc + NpyivwiPp = NegssyPe + NoeesyPp = NeygyyypPe + NoyyyyPp » which implies
(NCY{YY} - NCY{NN})PC + (NDY{YY} - NDY{NN})pD <0.

Since Y pays for priority delivery on both € and D, we know that N¢ygyyy > Neyuny @nd Npygyyy > Npyquny, 1-€., (Ncy{yy} - Ncy{NN}) >0
and (NDy{yy} - NDy{NN}) > 0. Thus, (3) and (6) imply that either p. or pp is negative. Therefore, outcome YY is infeasible.

Therefore, after eliminating all the dominated and infeasible outcomes, we conclude that outcomes GG, GB, BG, and BB as the only four
possible asymmetric equilibria.

Appendix F

Proof of L e i a 3/ m5mm5m

From Lemma 2, we know that outcomes GG, GB, BG, and BB as the only four possible equilibria. Here we conduct symmetric equilibrium
analysis (F; = Fp = F and pc; = pp = p) and derive the ISPs’ equilibrium pricing strategies and the corresponding equilibrium outcomes in
the packet discrimination regime in the following two steps.

Step 1: Solve for the Equilibrium Fixed Fee F and Preferential Delivery Fee p for the Candidate Outcomes

In step 1, we solve for the equilibrium fixed fee F and preferential delivery fee p for the candidate outcomes one by one. Among the four
candidate equilibria, outcome BG and outcome GB are symmetric. Thus, we focus on outcomes BB, BG, and GG in this analysis.
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Outcome BB

The preferential delivery fee p for outcome BB is determined by the following two CPs’ incentive compatibility constraints: TTy(ggy = Ty(gg)

. (1/2-Npysa—Ncye)Ty. p
yields pigpy < /2-Nevpe, s My(BB}y = Ty(ce) Yields pppy <

mi {1/2_NDY{BG}_NCY{BG} 1/2-Nc¢y(6)—Npy(cey
1/2-Nc¢y(Bg) ’ 1/2

(1/2-N¢y(a—Npy(Ga)ry
1/2

. Therefore, prB} = Hppyry, where Hippy =

t k dA

. In addition, we know from the results in Lemma 2 that Figgy, =V — = — = — .
{BB} 2 2 u-i/2

Outcome BG

The preferential delivery fee p for outcome BG is determined by the following three CPs’ incentive compatibility constraints: Typgy =

(NCY{BG}+NDY(BG)—Ncy{cc)—NDY{GG))TY (1/2—NCV(BG}—NDY{BG})TY

Tty(gey Yields ppey < Noriso) 5 Ty(sey = Ty(ppy Yields ppgy = Yy T— 5 TgBGy = Tagpny Yields

(Ncosey+Npaipay—1/2)1g (1/2—Ncy(gey—Npy(se))Ty <

< Thus, there exists a feasible if and onl if
P{s6y Negiey+Npgay—1/4 ’ Pcy Y 1/2= Neyisey
. {(Ncy(gay+Npy(s6y—Nevicey—Noyic))y (Ncesy+Npgsey—1/2)16 . Nce6y+Npepey—1/4)n
min {( visay+Novise)~Ner(ce)~Norica) y,( {BCY” _DGHRE} ) , which can be reduced to 715> (Weateei+Vosieq) Jrv and
Ncysey NcgeytNpeey—1/4 1/2- Ncysegy
1/2-Ncy(sey—Npy(BG NcysGy+Npy(s6y—Ncy(ce)—Noy(Ge . .- . .
_( ! {£9) o —cXBG) 1561 a %9 When these feasible conditions hold, we obtain p{*BG} = mln{Hy{BG}ry, HG{BG}rG},
1/2- Ncysey Ncy(Bay

NcyBey+Npy(Bey—Ncy(66y—Npy{ce) NcgeytNpeey—1/2

where Hy(pg) = and Hgepgy =

Ncy(BG) Ncgay+Npgeey—1/4

We know that in a symmetric equilibrium, 7¢gy = Tpggy > 1€ (NDy{BG} + NDG{BG})F{BG} + 0syNpeisey = (Ncy{BG} +
N N -N Ap;
NCG{BG})(F{BG} + AP{BG}) ThuS, F{*BG} = ( cr(ga)* Vec(sa) DG{BG}) PeG) . Note that since NCY{BG} + NCG{BG} > NDG{BG} and F{);?G} = 0, we

Npy(BGy+tNpeBGy—Ncy(Bey—Ncae(Ba)

have Npy(gey + Npgsey > Nevisey + Neogsey-

Outcome GG

The preferential delivery fee p for outcome GG is determined by the following three CPs’ incentive compatibility constraints: Ty gy =
(1/2=Ncy(eay—Npy(Ga)ry |
1/2 ’

(NCV(BG}+NDY{BG}—NCY(GG)—NDV(GG})TY .
5 Ty(6ey = Tyqppy Yields pey =

TyBgy Yields piey = Teie6) = Moy yields

(Ncgiaey+Npgieay—1/2)16

Ncy(BaGy

(NCG{GG}+NDG{GG)_NCG{BG}_NDG{BG})TG

< ;1T >T ields <
P(66y Nce(cey+NpaiGa) > TG{66) {ney Y P66y Nc6(661tNp6(6e)—NpaG(BG)
Let L{GG} — max {NCY(BG)+NDY(BG)_NCY{GG}_NDY(GG) ) 1/2-Ncy(c6y~NpyiGe) and H{GG} —
Ncy(Bagy 1/2

. (N +N, -1/2 N, +N -N, -N . . . .
mln{ LOreaT palba) | LGt T POIGEL CCiRE) DG{BG}}. Thus, there exists a feasible pys¢y if and only if Ligey1y < Higgy76- Here we note
Nceieey+Npeieey Nceeey+Npeeey—Npesaey

1/2=Ncy(663~NDpy{GG}

1/2-Ncy(c6)—Npy(ce N¢g66+Npeiee—1/2 Lige Ncgi66)+Npgiee
that Lyggy > ————> and Hggy < —o—200 = 80 we have St > g2 — <A 2080 > 1. When these
1/2 NegGay+NpGa) Hyey — NeaiG61*Np6(66)~1/2 1/2
NcG{GGyHNDG(GG)

feasible conditions hold, we obtain pfc;a} = Higey7g- In addition, we know from the results in step 2 in the proof of Lemma 2 that F{*Gg} =
k di
V- t(l - x{GG}) - E - —H—(1—XD(GG}))~/2.

We note here that the solution of price p in outcomes BB, BG, and GG form three non-overlapping intervals. Specifically, we have ppgy <
(1/2—NCV(BG}—NDY{BG})TY

Hgppyry < < Pisgy = min{Hy{Bg}Ty, Hg{BG}rg} < LiayTy = P6ay < Higeyr- The non-overlapping solution reflects

1/2- Ncysey
the fact that incentive criteria for content providers in outcomes BB, BG, and GG are mutually exclusive. Observe also that the endpoints of
the non-overlapping intervals are given by constant multiples of the revenue rates ry and 7.

Step 2: Compare the Candidate Outcomes and Derive Equilibrium Outcomes

In step 2, we compare the ISPs’ profits in outcomes BB, BG, and GG to determine the equilibrium outcomes. Since ISPs C and D have the
same profit level in a given outcome, we simplify the notations to m¢(ppy = Tp(er} = M(sE}> Tc(Be) = Tp{BG} = T(BG}> aNd Tc(Ge) =
Tpee} = Micgy- Outcome GG is the equilibrium provided all the following inequalities are satisfied: Ligey7y < Higey76» Ticey = Typcy» and
L .. L N +N N +N Fiaey—Fcey/2

TG} = Typp)- These reduces to the following inequalities: 5 = ea¥ = By, 1 = Wer(ee)*Neaiee))Piec) + (Wer(ee+Neoize))F a1 —Fieay/ =
Hey HgeiNceiGey AHG6yNcGeay

= f,1y + a;. Outcome BG (or outcome GB) is the equilibrium provided all the following

Hppyry Fegy—Fi6ey

a1, and 1; =
1 G 2HGeNcGieey  2AHGayNcG6a)

Nceiaey+Npgaay—1/4)1v

inequalities are satisfied: r; > = P31y, Mgy > Mcey» and Typgy = Mgy These reduces to the following inequalities:

1/2- Ncy(Be)
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Z(NCY{BG}+NCG(BG})I7{BG} _ F{BE}_Z(NCY{BG}+NCG{BG})F{BG} —
Higp AH(pp) -
outcome BB is the equilibrium. Summarizing the above analysis yields Lemma 3.

1g = Pary, 1 < ag,and ry < a3. When the above market conditions are not satisfied,

Appendix G

IProof of P rop 0 O 1N 1 15—

Since the net neutrality regime is essentially equivalent to outcome NN, where neither CP pays for preferential delivery even though they

. . . . F)
have the option to do so. Based on the results from Lemma 2, we know that in the net neutrality regime, 7" = mj™ = 7y, = 5= In
. . U, L. . . . Fzc1HADY, 1-x
addition, there are four possible equilibria in the packet discrimination regime, i.e., m¢” = mpP = mi5q, = %’((GG)), or kP =

* * * * * * * F* +ﬂ'p* .
T[DPD = T[{BG} = NC{BG}(F{BG} + lp{BG}) = T[{GB} = ND{GB}(F{GB} + lp{GB})’ or T[gD = T[gD = E{BB} = w From the results in step
3 in the proof of Lemma 2, we know 7t{ggy = m{yyy. Therefore, we get e” = mhP = mippy = mpyyy = nf" = mp".

Appendix H

Proof of Proposition y . __________________________________________________________________|

In the net neutrality regime, we know that ti™N = m}, (NN} = % In the packet discrimination regime, there are three possible equilibria —

outcomes GG, BG, and BB. The corresponding profit for content provider G is: 1'[2{66} = A(NCG{GG} + NDG{GG})(TG - p{*GG}), nE{BG} =

* * A(T -pj ) : * *
A(NCG{BG} + NDG{BG})(rG - p{BG}), and Tgppy = %. Next we focus on comparing g gey and Tgoypy-
_ (Nceeey+Npgieay=1/2)16

}. If p{GG} =

NceeaytNpeieey—1/2 NegieeytNoeicey—Neeeay—Npaeia)

Recall that pigey = HigayTs» where Higgy = min{

Nceeay*NoGaey Nc6(661+Np6(66y—NpaG(BG) N¢6(661+NpG(Ga)

(NCG{GG}+NDG{GG}_1/Z)rG) _ Mg _ (NCG{GG}+NDG{GG}_NCG(BG)_NDG(BG))TG

then 7 = AN, + N, (r - L =1 CIf = , then
6{6ey ( celeey DG{GG}) ¢ Ncei63+NpGi6e) 2 GINN} Piee) Nc6i66y+NpGi6ey~Npe(Bs)

(Ncegeay+NpGieay—Ncaiaey—NpGis6))Ta _Nca(sc)(NCG(GG}+NDG(GG))ATG Arg s S

N N T == N m 2= =Tgyy - Thus, CP G ’s
c6(661tNpGcey—NpGisay c6(66ytNpGcey—NpGisay

ifNCG{GG)+NDG(GG}_NCG[BG)_NDG{BG) < NceeaytNpeeey—1/2

”2{66} = A(NCG{GG} + NDG{GG}) (TG -

profit in outcome GG is higher than that in outcome NN if and only , which can be

Ncgieey+tNpeicey—Npe(BG) Nceieey+Npeieey
. . NceieeytNpeicey—NpaiB6)
Slmphﬁed to (NCG{GG} + NDG{GG])NCG{BG} > 2 .
ZG{BG) 1 k . .
From the proof of Lemma 1, we know Neggey + Npggey = 1 — X(66}> Neaiey = . and 3~ Xp(aG} = 7 (Zy{BG} - ZG{Bg}). This gives:

Nogiac) = (1 = Xoey) (1 = Zetaay) — 5 (2vise — Zower) (5 — %oweay) = (1 = Xopey) (1 = Zegaay) — = (2vise) — Zowey)

Substituting these equations into the (Ncg{gg} + NDG{Gg})Ncg{BG} > NCG{GG}JrNDGZ{GG)_NDG{BG) yields (1 - x{GG}) (@) > %((1 - x{Gg}) -

2
t (ZY(BG)_ZG{BG))
-> .
k= 2(xcey—*pey) (1-Zcscy)

(1 - xD{BG})(l - ZG{BG}) + % (zy{BG} - ZG{BG})Z). Rearranging this inequality gives Therefore, if the ratio of

% is higher than a threshold, mg(g6y > T wny-
In general, comparisons of 7ggqy, Tppy» and Mgyyyy show that CP G’s profit may be lower, unchanged or higher in the packet

discrimination regime than that in the net neutrality regime. Specifically, it is lower under equilibrium BB, but is unchanged or higher under
equilibrium GG, i.e., Tg6y = Tonny = Te(aay-
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Appendix |

Proof of Proposition 3

In the net neutrality regime, we know that iV = ﬂ;{NN} = AZﬂ In the packet discrimination regime, there are three possible equilibria —
outcomes GG, BG, and BB. The corresponding profit for content provider Y is: n;{GG} = AX(GeyTy n;{BG} = A(Ny{Bg}ry - Ncy{BG}p{*BG}),
A(ry—p{zp))

. . 2 . 1 .
neutrality regime one by one. We first note that 7y (yyy 2 ygp). Furthermore, since X(g6) < 3, we get that Ty yyy 2 Ty(ggy. Lastly, since

and n;{BB} = . We compare Y’s profit in the three possible equilibria in the packet discrimination regime to its profit in the net

PfBB} < P(sey ”;{BB} 2 (NCY{BG} + NDY{BG})/U’Y — Ney(seyAP(sp) = (NCY{BG} + NDY{BG})AT'Y - Ncy{BG}/lpfsa} = n;{BG}'

Summarizing the above, we conclude that Y’s profit is higher in the net neutrality regime than that in all three possible equilibria in the packet
discrimination regime. Therefore, mh N > mhP.

Appendix J

Proof of P roposition 4/ mmm

. — S . 1,1 .
Substituting the equilibrium prices into the social welfare formula SW;; = mt¢;; + 7pi; + Ty + g5 + fo fo U;j(x, z)dxdz, we get that, in
t+k da Ary+7156)

. . NN _— —y
the net neutrality regime, SW™" = SWyyyy =V PRy +—

. In the packet discrimination regime, there are three possible
___a
n=(1-x(66))2/2
Alry+rg) | Alrg-1y) 1 1
M1 =xGe)6 » SWisey = Fpey + % + % (2 = zypey — Zo(B6y) (; - xD{BG}) + ANy(payry + ANgpyre +t (xD{BG} - ;) +
1 k 1 t 1 2t% (1 2k?
k (ZG{BG} - E) +3 (xD{BG} + 5) (ZY{BG} - ZG{BG}) +3 (ZY{BG} + ZG{BG}) (E - xD{BG}) +3r (g - xg{BG}) +3r (23{36} - Zg{BG}) -

t 1 2 k 2 2 _ t+k da Alry+715)
i(t + ZkZG{BG}) (Z - xD{BG}) - E(t + ZkZG{BG})(ZY{BG} - ZG{BG})’ and SW{BB} =V - T - m + T

equilibria — outcomes GG, BG, and BB. The corresponding social welfare is: SWiggy =V — ¢ (% - x{ZGG}) —E + Axgayry +

We first note that SWiggy = SWiyyy. Furthermore, since x5y < %, we get that SWggy = SWyyyy. Lastly, we compare SWgsy and SWiyp;.

Let ASW = SWg) — SWinw). We can show that 22 > 0 and ASW = 0 at u = 4. Therefore, SWipg) = SWinn).

Summarizing the above, we conclude that social welfare is weakly higher in all three possible equilibria in the packet discrimination regime
than that in the net neutrality regime. Therefore, SW P > SWNN .

Appendix K

Numerical Analysis of the Asymmetric Equililoriuinm

In this appendix, we numerically explore the asymmetric equilibrium. There are eight parameters (V, t, k, d, A, u, 1y, and 1) in our model.
Note that not all the parameters need to be changed independent of the other parameters. For example, with respect to the parameters y and
A, what is important is not their absolute values but the utilization rate of the service queue, i.e., A/, and hence we set A = 0.5 and varied
the value of u to achieve a wide range of utilization rate. Specifically, u € (0.5,5] in our numerical analysis, which resulted in a range for
the utilization rate of [0.1,1). In addition, parameters V, t, k, and d can theoretically vary within an infinite range and they all affect the
consumer’s utility. Thus, one of these parameters can be kept fixed relative to the others and here we normalized d = 1. We then conducted
the numerical analysis on a wide range of the other three parameters V € [1,5], t € [0.5,3], and k € [0.5,3]. Finally, recent empirical
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evidence! shows that the revenue rates (measured by the average revenue per user, i.e., ARPU) vary widely?. Therefore, we chose a reasonable
range of revenue rates ry € (0,5] and r; € (0,5]. In summary, the total number of exploration points for the entire parameter space was
1,593,750, which generated 38.8 GB of data. We implemented this asymmetric equilibrium analysis in Mathematica 10 and ran the solution
procedure on clusters hosted by the High Performance Computing facility at a university. The total running time for all the simulations was
around 180 hours.

Figure K1 shows the result of the symmetric equilibria for parameters V =3,t =2,k =1,d = 1,1 = 0.5, and ¢ = 1. Results for other
parameter values are qualitatively the same. These numerical results validate the analytical results (all the lemmas and propositions for the
symmetric equilibrium) that we present in the paper.
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Figure K1. Types of Symmetric Equilibria
Notes:
e The separating lines between the regions for different equilibria may shift based on different parameter values.
e  For symmetric ISPs (with the same capacity levels), outcome BG — where both CPs pay ISP C and only G pays ISP D —
is equivalent to outcome GB. Thus, a set of parameter values that result in outcome BG can also (equivalently) result in
outcome GB. Similarly, outcome BY is equivalent to outcome Y B.

Next, we consider the asymmetric equilibria results with symmetric ISPs. As we show in Figure K2, the results show a somewhat more
complex set of possible equilibrium outcomes. There are some regions which correspond to a single type of dominating outcomes (for
example, the regions in green corresponding to the dominating equilibrium outcome BG, or similarly BY if 1, = 1, or the region in blue
corresponding to the outcome BB), and there are others that correspond to regions where there are two possible types of equilibrium outcomes
(e.g., the region in red corresponding to either outcome GG or outcome BG).

! http://www.forbes.com/sites/tristanlouis/2013/08/3 1/how-much-is-a-user-worth/
2 The ARPU for four popular websites are $1.63 (Facebook), $1.53 (LinkedIn), $1.81 (Yahoo), and $10.09 (Google).
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Figure K2. Types of Pareto Frontiers for Asymmetric Equilibria
Notes:

e The separating lines between the regions for different equilibria may shift based on different parameter values.
e  For symmetric ISPs (with the same capacity levels), outcome BG is equivalent to outcome GB. Similarly, outcome BY is

equivalent to outcome YB.

To understand why we may have multiple possible types of asymmetric equilibrium outcomes for a certain combination of r; and 1y, it is
instructive to look at the Pareto frontier of the asymmetric equilibria. Figure K3 shows two examples of the Pareto frontier results with

different values of 7; and ry.

In Figure K3, every point on the curve corresponds to the profit of ISP C (on the x-axis) and the profit of ISP D (on the y-axis), such that if
C and D choose the corresponding (F¢, pc) and (Fp, pp) that results in these profits, such a strategy choice is not dominated by any other
strategy in the strategy space of C and D forming a Pareto frontier. Thus, for a certain combination of ry and 7¢;, there may be multiple
asymmetric strategy choices contained in the Pareto frontier. Consider the example on the left in Figure K3 (withry = 3 and r; = 3), all
such strategy choices result in the equilibrium outcome BB, i.e., both Y and G pay both ISPs. However, in the example on the right in Figure
K3 (with ry = 0.5 and r; = 4), for some strategy choices of C and D, the equilibrium outcome is GG, but for other strategy choices, the

equilibrium outcome is BG.
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Figure K3. Examples of Pareto Frontier of Asymmetric Equilibria
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Note that under these asymmetric strategy choices, the profits of C and D are different, which means that one of them is engaging in predatory
pricing, with the intent of getting higher profits. In real life, such an action will likely result in a retaliatory action from the other ISP, which
is harmful to both firms in the long run. As Farrell (1987) showed, it is very easy for symmetric firms who can engage in asymmetric
equilibria to signal their intent at a very little cost to the other firm (in the words of Farrell, by engaging in “cheap talk) and thereby arrive
at the mutually beneficial symmetric equilibrium.

Furthermore, our numerical results show that the main findings for the symmetric equilibrium case still hold for the asymmetric equilibrium
case. We have already shown analytically in Lemma 3 that ISP competition does not substitute for net neutrality regulation even considering
the asymmetric equilibria. In addition, our numerical analysis for the asymmetric equilibria confirms that the dominant CP still sometimes
benefits in the absence of net neutrality. While we cannot develop similar generalized “conditions” with numerical analysis, we find however
that when the ratio of t/k is high and the ratio of r; /7y is high (in other words, when the conditions of Proposition 2 hold), CP G is better
off under packet discrimination.

The case is different however if the ISPs are asymmetric with respect to their capacities. In such situations, the asymmetric equilibrium is not
just a theoretical exercise but can actually occur. We numerically explore the details of the asymmetric equilibria for asymmetric ISPs with
different capacities in Appendix L.

Appendix L

Numerical Analysis of the Asymmetric | S P s i —

In this appendix, we numerically explore the asymmetric equilibria for asymmetric ISPs with different capacities. Without loss of generality,
we assume [¢ = Up.

As compared to the symmetric equilibrium or the asymmetric equilibrium with symmetric ISPs, the equilibrium outcomes with asymmetric
ISPs is more complicated with more possible types of strategy choices (as shown in Figure L1). For example, for a certain combination of 7
and 1y, there can be three or even four outcomes that are part of the Pareto frontier, i.e. C and D can choose three or four different types of
pricing strategies.

3 Farrell, J. 1987. “Cheap Talk, Coordination, and Entry,” RAND Journal of Economics (18:1), pp. 34-39.
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Figure L1. Types of Pareto Frontiers for Asymmetric Equilibr

Notes:

1,V=3,t=1,k=1,d=1,and A = 0.5.

The separating lines between the regions for different equilibria may shift based on different parameter values.

5, up

Figure L1 is generated based on parameter values p

Unlike the equilibria with symmetric ISPs, with asymmetric ISPs, the equilibrium outcomes BG and GB are not equivalent.

Similarly, outcomes BY and YB are not equivalent for the asymmetric ISP case.

Figure L1 shows that when r; and 7y are somewhat comparable, the equilibrium outcome is BB. Also, when 7 is much greater than 1y, the

equilibrium outcome is either just GG or it also includes the outcome BG or GB as part of the Pareto frontier. For intermediate values of 7

and 1y, the strategy choices for the two ISPs and the CPs get more varied.

Figure L2 shows two examples of the Pareto frontier with two sets of 1; and 1y values (ry = 3,7; = 3 and ry = 1, r; = 3). The Pareto

frontier is no longer symmetric as for symmetric ISPs (Figure K3) because ISP C has a higher capacity than ISP D.
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Furthermore, just as shown in Appendix K, our numerical analysis for asymmetric ISPs show that the main findings for the symmetric ISP
case still hold for the asymmetric ISP case. For example, our numerical analysis for asymmetric ISPs confirms that ISP competition does not
substitute for net neutrality regulation even for ISPs with different capacity levels as in the symmetric ISP case (Lemma 3). In addition, the
dominant CP still sometimes benefits in the absence of net neutrality.
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